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ABSTRACT 
 
IMPACT OF PHYSICO-CHEMICAL PROPERTIES OF MANUFACTURED 
NANOMATERIALS ON PLANT UPTAKE AND TROPHIC TRANSFER 
 
 
 
 
Large quantities of manufactured nanomaterials (MNM) are released into the 
environment by human activity each year. The entry of MNM into the terrestrial food webs, 
which has the potential for far-reaching impacts, begins with the uptake by plant species 
from the soil. These processes can be affected by MNM physico-chemical properties such 
as size, chemical composition, surface charge, etc., of which our knowledge is still 
incomplete. To bridge some of the gaps in our understanding of these processes and, 
specifically, to determine whether the physico-chemical properties of the MNM are 
predictive of their behavior in terrestrial food chains, we conducted a series of experiments 
using different MNM and model organisms. 
First, we synthesized functionalized CeO2 MNM having different charges and 
exposed tomato plants (Solanum lycopersicum cv Micro-Tom) to them. We found that 
plant growth and the rate of root-to-shoot translocation were functions of surface charge 
and exposure concentration. Mechanisms of entry into roots were examined using recent 
advances in high-resolution synchrotron X-ray microscopy to show that a combination of 
apoplastic and symplastic routes was used by the particles to penetrate to the interior of the 
roots. Our results also illustrate that these particles have drastically different tissue 
distribution patterns depending on their surface charges. 
Second, we exposed tomato plants with these CeO2 MNM and fed the leaves to the 
tobacco hornworm (Manduca sexta). Differential trophic transfer was observed as a 
function of the surface charge of the particles. An uptake and elimination study was 
conducted to obtain a time course of Ce dynamics. Despite no observed overall 
biomagnification across trophic levels, these differentially charged CeO2 MNMs had 
greater bioaccumulation factors than that of ionic Ce3+.  The uptake-elimination dynamics 
were influenced by the surface charge of the NPs. Positively charged NPs had higher 
bioaccumulation factors and assimilation efficiencies but lower elimination rate than 
neutral and negatively charged CeO2 MNMs. 
Finally, to determine if studies conducted with highly purified, lab synthesized 
materials, were predictive of behavior of commercial nanopesticide formulations, we 
studied the dietary uptake of Cu(OH)2 MNMs by hornworms feeding on surface-
contaminated tomato leaves. We compared lab-synthesized copper hydroxide (Cu(OH)2) 
nanowire with the widely used fungicide KOCIDE® 3000, whose active ingredient is nano-
needles of copper hydroxide (Cu(OH)2). The difference in their toxicity and 
accumulation/elimination dynamics was found to correlate with the solubility of the 
materials. 
We have shown that the physico-chemical properties of MNM affect the toxicity, 
bio-distribution and trophic transfer of MNM in terrestrial ecosystems. With the increase 
of MNM release into the environment as a result of the rapid development of 
 
     
 
nanotechnology, these results have important implications for the evaluation of 
environmental risks associated with these MNMs and may help the application of 
nanotechnology to evolve to be more environmentally friendly. 
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CHAPTER 1.  INTRODUCTION 
1.1 Nanotechnology and nanotoxicology 
 Manufactured nanomaterials (MNMs) are used to enhance the properties of many 
manufactured products. Manufactured nanomaterials are defined as having at least one 
dimension under 100 nm. In this size range, the number of atoms exposed on the surface 
increases exponentially to give the materials new properties that differentiate them 
drastically from the bulk materials 1. Manufactured nanomaterials have diverse chemical 
compositions and applications, with a large proportion of them being metal and metal 
oxides.  The most well studied metal and metal oxides, in terms of their fate and effects in 
ecosystems are Au, Ag, TiO2, ZnO, CeO2, and Cu/CuO/Cu(OH)2.  Gold MNMs are used 
in biomedical and clinical research as drug delivery systems, bio-imaging agents, 
chemotherapeutics, biosensors, and as catalysts for fuel cells 2-11. Silver MNMs are widely 
used as chemical catalysts, chemotherapeutics, antimicrobial drugs, and additives in 
various consumer products 12-20. Zinc oxide MNMs are used as sensors, components of 
electronic devices, antimicrobial and as ultraviolet absorber in sunscreens 21-25. Titanium 
dioxide MNMs are used as additives in a wide range of consumer products such as 
sunscreens, plastics and pains 26-28. Cu-based MNMs such as nano-Cu and CuO are used 
as sensors in electronics and biochemical analysis, as chemical catalysts, and as pesticide 
in agricultural practices 29-36. CeO2 MNMs are used as pharmaceuticals, polishing agents, 
and diesel fuel additives 37-40. Carbon MNMs such as fullerene and carbon nanotubes are 
widely used in biomedical research and engineering as mechanical parts, sensors, micro-
scaffolds, energy conversion and storage in fuel cells, supporting scaffolds, and electric 
conducting materials 41-45. 
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With rapid increase of MNMs being produced and released into the environment, 
their impact on ecosystems is only beginning to be investigated 46, 47. Even for MNMs 
sharing the same chemical composition, their behaviors in the environment are difficult to 
predict due to the diverse physico-chemical properties such as size, shape and surface 
chemistry, which are often susceptible to change under different environmental conditions. 
Physical and chemical transformations constantly occur after the MNMs enter the 
environment and are influenced by extrinsic factors such as pH, redox potential, ionic 
strength, and the presence of ligands. Furthermore, the bioavailability and toxicity of these 
MNMs will vary due to the great variety of organisms that have different routes of being 
exposed to the MNMs in the environment. Ecotoxicology of MNMs is beginning to attract 
enormous attention especially as MNMs often exhibit special properties and bio-reactivity 
in contrast to the corresponding bulk materials and ions. 
1.2 Abiotic transformation of MNMs in the environment 
MNM undergo a variety of transformation processes in the environment 48. As 
colloidal suspensions dispersed in aqueous phase of a wide range of environmental media, 
MNMs tend to form aggregates 49, 50, which can be either homoaggregates, formed between 
particles of the same type, or heteroaggregates, formed between different types of MNMs 
or naturally occurring nanoparticles such as soil colloids. Aggregation might also occur as 
the particles are adsorbed on the surface of microorganisms 51. Aggregation of MNMs can 
dramatically alter their surface properties and reactivity such as crystal phases and the 
number of atoms per surface area, which will have great influence on how they further 
interact with the environment and the organisms exposed to them 52. Dissolution is another 
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important process that can alter the properties of the MNMs in the environment. Ag, Cu 
and ZnO MNMs are soluble under most environmentally relevant conditions 53-56. The ions 
released from the particles, Ag+, Zn2+ and Cu2+, can be precipitated by inorganic ligands 
such as S2-and PO4
3-. Sometimes the highly insoluble compounds form as a shell that 
shields the surface of the MNMs from the external environment preventing further 
reactions 56-58. Other MNMs such as Au, CeO2 and TiO2 tend to resist dissolution in the 
environment although some studies suggest dissolution of Ce and Au is possible 59-63. 
Chemical and physical transformations of MNMs in the environment are highly 
complex processes whose kinetics depend on both the intrinsic properties of the materials 
and extrinsic conditions such as pH, ionic strength, redox potential, and natural organic 
matter (NOM). Dissolution of coated Ag MNMs was shown to be influenced by the size 
of the particles 54. Dissolution of Cu based MNMs is accompanied by redox reactions and 
interaction with organic acids and is greatly influenced by pH 58. The rate of the dissolution 
and sulfidation of Ag MNMs in biosolids is a function of pH, dissolved oxygen 
concentration, and NOM 64. Association of CeO2 MNMs with biomass in wastewater 
treatment plants is accompanied by the reduction of Ce(IV) particles to Ce(III) species65. 
Often the properties of MNMs are altered by these transformation processes that the ways 
they interact with the environment are also changed, causing further transformation to 
occur. Silver MNMs that developed a Ag2S shell on the surface became unstable and were 
prone to aggregation 57. In the presence of organic acids, Zn2+ released from the ZnO 
MNMs were precipitated by the phosphate, causing the MNMs to be gradually transformed 
into various mineral phases of zinc phosphate with diverse morphology and crystal 
structures 66. Sunlight, the presence of divalent cations such as Ca2+ and Mg2+ and NOM 
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were key parameters for the morphology change and aggregation of AgNPs in surface 
water 67. The complexity of the transformation processes means that environmental 
conditions and the physico-chemical properties of the MNMs themselves must be 
specifically defined in order to understand and predict their behaviors.  
1.3 Bioaccumulation of MNMs in plants 
1.3.1 Uptake and translocation 
There are two primary pathways by which materials are taken up and transported by 
the plant tissue: apoplastic transport through cell walls and the intercellular space vs. 
symplastic transport or transcellular transport where the materials enter the interior of the 
cells. The porous network of the plant cell wall consists of polysaccharide fiber matrices 
with various pore sizes ranging from 4 to over 10 nm depending on the species which 
allows the movement of water and solutes 68. MNMs of the appropriate sizes can thus move 
through this network with minimum resistance 69, 70. In the case of foliar exposure, it was 
observed that MNMs entered through the pores of stomata and were translocated to 
different parts of the leaf by the phloem 71. Physical barriers, such as the Casparian strip in 
the root endodermis, exist in the plant tissue to regulate the movement of water and solutes 
through the apoplast 72, 73. Symplastic routes can be taken by the MNMs to bypass these 
barriers. A confocal microscopy study by Zhao et al. demonstrated that ZnO MNMs 
penetrated the epidermis and cortex of the root of corn plants through the apoplastic 
pathway, but aggregates of particles were also found in the xylem, suggesting that these 
MNMs or aggregates pass through the endodermis via the symplastic pathway 74. One 
mechanism by which symplastic or transcellular movement of MNMs may occur is via 
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endocytosis, which can be either dependent or independent of clathrin and endosome 75. 
Internalization of Au MNMs by both clathrin dependent and independent pathways was 
shown in tobacco protoplasts 76. Similarly, quantum dots were found to be taken up by 
plant cells via receptor-mediated clathrin-dependent as well as non-specific clathrin-
independent endocytosis 77. Furthermore, it has been shown that multi-walled carbon 
nanotube are taken up by plant cells through endocytic pathways with or without 
endosomal processes 78, 79. Transcellular movement of MNMs can also be achieved via the 
plasmodesmata which is likely a size-limit transport pathway. Ag and Au MNMs < 40 nm 
were found to accumulate at plasmodesmata and the longitudinal channels in the cell walls 
and both symplastic and apopastic pathways were suggested as transit routes 80, 81. 
The presence and translocation of MNMs to distant parts of the plants from the site 
of uptake via the vascular system was well documented. Transport of MNMs through the 
xylem with the water flux is very efficient and is only limited by the pore size of the xylem 
structural components, such as the filter plates 81-85. In a study with pumpkin plants, long 
range transport of graphite-coated Fe MNMs by xylem was shown to be size-dependent, 
where Fe MNMs found at the distant site had similar a size of 40 nm 84. Phloem transport 
of MNMs has also been noted, which is allows for the downward transport from the leaf 
86-89. Sometimes MNMs rely on both xylem and phloem for multidirectional transport in 
the plant. It was demonstrated that in corn plants, the root-to-shoot translocation of CuO 
MNMs was mediated by xylem,  and the phloem was responsible for transfer in the reverse 
direction from shoot to root 85. The transport of MNMs by phloem is essential for the 
accumulation of MNMs in fruits and transgenerational effects passed down to the offspring 
90, 91. 
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1.3.2 Phytotoxicity of MNMs 
Although beneficial effects of MNMs have been reported by some studies in plants, 
the majority of the research shows various toxic effects. Macroscopic changes on the 
organism level resulting from the exposure to MNMs include reduced biomass 
accumulation, lower rate of growth and seed germination, etc., with symptoms varying 
from study to study depending on plant species and the types of MNMs 92-96. Exposure to 
ZnO MNMs but not Al2O3 and SiO2 MNMs reduced seed germination rate and general 
growth of Arabdiopsis thaliana 97. Cu and Ag MNMs had no effects on the seed 
germination but significantly reduced the biomass and root elongation in Cucurbita pepo 
98. CeO2 MNMs were shown to reduce the growth and biomass accumulation of Glycine 
max 99. Other rare earth metal oxide MNMs such as La2O3, Gd2O3, and Yb2O3 were 
observed to induce root growth inhibition in Brassica napus, Raphanus sativus, Lactuca 
sativa, Lycopersicum esculentum and Brassica oleracea 100. Tomato plants exposed to TiO2 
and ZnO MNMs through both the root and foliar routes exhibited reduced root growth and 
biomass accumulation, with the root exposure being more efficacious 90. TiO2 MNMs were 
shown to reduce root biomass and inhibit the development of lateral roots 101. Nair et al. 
showed that exposure to Ag MNMs decreased root and shoot biomass of Oryza sativa 102. 
Similarly, AgNPs caused biomass reduction in C. pepo 103. Furthermore, O. sativa exposed 
to carbon MNMs had retarded growth and flowering was significantly delayed 91. 
These macroscopic changes are usually underscored by pronounced damage at the 
cellular level as well as alterations in metabolism, biochemistry and gene expression. 
Exposure to Ag and ZnO MNMs was found to decrease cell size and turgidity as a result 
of shrinkage of the vacuole in B. oleracea and Zea mays 104. Cucumber plants exposed to 
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ZnO MNMs were also found to have similar shrinkage of the vacuoles and collapsed cortex 
and epidermis 105. Likewise, when exposed to ZnO MNMs, collapse of the root tip tissue 
was observed in several crop plants due to extensive loss of cells in the epidermis and 
cortex 106. This study also demonstrated clogging of the apoplast and plasmodesmata by 
the MNMs, resulting in obstructed intercellular trafficking. Excessive accumulation of 
MNMs in the apoplast can cause reduction in water flux and nutrient uptake. Exposure to 
TiO2 MNMs blocked transpiration and decreased hydraulic conductivities in Z. mays 
83. 
Similarly, exposure to Ag MNMs reduced transpiration in C. pepo 107. In addition, ZnO 
MNMs were found to cause nutrient deficiency and translocation hindrance in cowpea 108. 
Nair et al. demonstrated that exposure of O. sativa to Ag MNMs affected leaf area 
and reduced contents of chlorophyll and carotenoids which are important for 
photosynthesis 102. Similarly, Mukherjee et al. (2014) showed that green peas (Pisum 
sativum) exposed to ZnO MNMs had decreased chlorophyll content 109. Also, CeO2 MNMs 
caused a decline in chlorophyll production in Arbidopsis 110. Chlorophyll and carotenoids 
contents in rice seedlings were found to be significantly decreased as a result of exposure 
to Ag MNMs 102. A similar reduction of chlorophyll content was also observed in cucumber 
plants and Phaseolus vulgaris treated with TiO2 MNMs and in P. sativum treated with ZnO 
MNMs 109, 111, 112. 
When interacting with cells and tissues, some MNMs produce reactive oxygen 
species (ROS) and can cause oxidative stress, damage to proteins and DNA, lipid 
peroxidation, and electrolyte leakage 113. For example, carbon- and metal-based MNMs 
were shown to induce oxidative stress via ROS generations in various plant species, 
causing cell cycle arrest, apoptosis and abnormal chromatin structures 114-118. CuO MNMs 
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caused DNA damage in radish and perennial ryegrass 119. Similarly, A. thaliana exposed 
to PVP-coated Ag MNMs showed elevated ROS levels across the plant 95. Higher activity 
of vital antioxidants such as superoxide dismutase (SOD), catalase and glutathione (GSH) 
as well as elevated lipid peroxidation were noted in tomato plants treated with NiO MNMs 
120. Similar to this, Jacob et al. (2013) showed that activities of key enzymatic antioxidants 
in P. vulgaris were modified by TiO2 MNMs 
112. Moreover, A. thaliana exposed to 
CdSe/ZnS quantum dots showed reduction in GSH levels 121. MNMs have been shown to 
differentially modify the antioxidant system in a context-dependent fashion, where the 
types and concentrations of MNMs, exposure media and plant species exposed are the 
major parameters in defining the antioxidant response. For example, activities of 
glutathione reductase (GR) and ascorbate peroxidase (APX) were found to be reduced in 
Vicia faba by TiO2 MNMs 
122. Howerver, TiO2 MNMs exposed A. thalia had elevated 
activities of SOD, catalase, APX, and guaiacol peroxidase (GPX) 97. Enhanced activities 
of SOD, catalase and GPX were also noted in Lemma minor exposed to TiO2 MNMs 
123. 
Further research is needed to elucidate the foundations of antioxidant response to MNMs 
in plants. 
1.4 Dietary uptake and trophic transfer of MNMs 
A critical part of the ecotoxicity of environmental contaminants is their potential of 
transfer between different trophic levels in food webs. This creates possible routes for 
species at higher trophic levels to be exposed to these contaminants, sometimes 
significantly with the occurrence of biomagnification, i.e., higher concentration of 
contaminants in consumer than in the food source. 
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1.4.1 Trophic transfer of MNMs in aquatic ecosystem 
With their varied composition and manifold properties, it is not surprising to find 
that MNMs exhibit a similar complexity of behavior in terms of their transfer in the food 
web comparable to the traditional contaminants discussed above. Only a limited number 
of studies have examined trophic transfer of MNMs in the aquatic environment. Holbrook 
et al. demonstrated that functionalized quantum dots can be transferred to rotifers through 
the dietary uptake of protozoans 140. Bioconcentration of quantum dots by the microbe was 
at a low level without any evidence of biomagnification in the upper trophic level. 
Similarly, Zhu et al. found that TiO2 MNMs can transfer from daphnids to zebrafish (Danio 
rerio) via dietary exposure but with extremely low trophic transfer factor (0.024) 141. In 
contrast, bioconcentration by the zebrafish from the aqueous media was very high. 
However, the authors showed that dietary exposure resulted in significantly higher body 
burden of Ti in the zebrafish than aqueous exposure because the Ti concentration in 
Daphnia was much higher than in the media, suggesting that dietary transfer could still be 
an important route of exposure for these particles at higher trophic levels. In another study 
the transfer of ZnO MNMs from D. magna to D. rerio was much more efficient than from 
direct uptake in the aqueous phase and bioaccumulation of ZnO MNMs was significantly 
higher than ionic Zn 142. Moreover, CdSe quantum dots were shown to biomagnify from a 
simple microbe food chain from the bacteria Pseudomonas aeruginosa to protozoan 
Tetrahymena thermophile 143. Intact quantum dots were observed in the vacuole of the 
protozoan and could be available for uptake by higher trophic levels. Differences in trophic 
transfer with regard to the food source was shown for Au MNMs 144. The authors found 
that bioaccumulation of Au in D. magna was higher from dietary uptake of exposed 
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Euglena. gracilis than from Chlamydomonas. reinhardtii. It was argued that this difference 
could be attributed to the cell wall of C. reinhardtii, which, as a physical barrier, might 
limited the internalization of the particles by the phytoplankton. Ferry et al. investigated 
the transfer of Au nanorods from water column to a complex marine food web containing 
species at multiple trophic levels 145. In these simulated estuarine mesocosms, 
bioaccumulation was found to be greater in clams and biofilms than in sea grass, shrimp, 
snails and fish, with the greatest fraction of Au present in the sediment. Similarly, CeO2 
MNMs were found to be associated with the sediments in a freshwater ecosystem 146. 
However, Ce bioaccumulation declined with increasing trophic level with no observed 
biomagnification. Furthermore, Kulacki et al. demonstrated that TiO2 MNMs altered the 
composition of the biofilm formed by various types of algae species which in turn 
influenced the bioaccumulation of Ti by the snail Physa acuta feeding on the biofilm 147. 
1.4.2 Trophic transfer of MNMs in terrestrial ecosystems 
As efforts were dedicated to the study of MNMs in the aqueous food webs, trophic 
transfer of MNMs in terrestrial ecosystems have also become a focus of research in recent 
years, although it is much less understood. The first evidence of trophic transfer of MNMs 
in terrestrial ecosystem was provide by Judy et al. where transfer of Au MNMs from the 
tomato and tobacco plants to herbivorous tobacco hornworms Manduca sexta was observed 
148, 149. The authors demonstrated that dietary uptake of CeO2 MNMs by the hornworms 
feeding on surface contaminated tomato leaves was much less efficient than from leaves 
of plants pre-exposed to MNMs in hydroponic media. The studies provided the first 
evidence of biomagnification of nanomaterials in a terrestrial food chain. The same group 
also investigated the transfer of Au MNMs along a food chain from soil and earthworms 
 
 11
  
 
(Eisenia fetida) to bullfrogs (Rana catesbeina) 150. Although Ce concentrations decreased 
by 100 fold for each transfer to a higher trophic level, the assimilation efficiency of Au in 
the bullfrogs from ingested E. fetida was still much higher than from oral gavage of Au 
MNMs in DI water. Hawthrone et al. studied the transfer of CeO2 MNMs and bulk CeO2 
in a terrestrial food chain consisting of zucchini (C. pepo L.) plants, herbivores (crickets, 
Acheta domesticus) and carnivores (wolf spiders, Lycosidae) 151. Crickets and wolf spiders 
from the MNMs exposure group had significantly higher body concentrations and trophic 
transfer factors of Ce than those from the bulk-exposed group. In a more recent study, 
transfer of with CeO2 MNMs and bulk CeO2 from kidney bean plant (P. vulgaris) to 
Mexican bean beetle (E. varivestis) and subsequently to spined soldier bug (Podisius 
maculiventris) was examined 152. Biomagnification of Ce occurred for transfer at each 
trophic level but the bioaccumulation factors were not different between the nano and bulk 
exposure groups. Similar to this result, De la Torre Roche et al. investigated the trophic 
transfer of La2O3 MNMs and bulk La2O3 from soil through a food chain consisting of 
producers (lettuce), primary consumers (crickets) and secondary consumers (darkling 
beetles, Tenebrionoidea) 153. In this study, no difference in tissue La concentrations was 
found between the La2O3 MNMs and bulk La2O3, after 7 d of elimination and there was no 
evidence for biomagnification. 
1.5  Dissertation outline 
In spite of these findings showing potential plant uptake, trophic transfer, and 
biomagnification of MNMs in terrestrial ecosystems, our poor understanding of the 
principles underlying the varied results warrants further research effort. 
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The objectives of this dissertation research were to investigate the influence of MNM 
properties on plant uptake and trophic transfer.  Chapters 2 and 3 focus on the role of 
surface charge CeO2 nanomaterials in determining plant uptake and biodistribution in the 
tomato (Lycopersicum solanum cv Microtom) and subsequent trophic transfer to the 
tobacco hornworm (M. sexta).   CeO2 nanomaterials are used primarily as fuel catalysts and 
in manufacturing of semiconductors and optical components.  They provide an interesting 
model system because of their limited solubility, low background concentrations (allowing 
them to be tracked using imaging techniques), and their redox activity.  Chapter 4 focuses 
on nanoagrochemicals, using a common fungicide containing Cu(OH)2 nanomaterials 
(Kocide 3000).  This study compared the commercial Kocide formulation with a similar, 
lab synthesized Cu(OH)2 material.  The vast majority of studies of the environmental 
behavior and effects of MNMs utilized highly-purified, lab-synthesized materials.  It is 
unclear if studies of these materials would predict the behavior of commercial 
formulations.  Given the anticipated rapid expansion of the use of nanomaterials in 
agriculture 154, this study is particularly timely and critical for developing adequate risk 
assessment frameworks for this new class of pesticides. 
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2.1 Synopsis 
Using recent advances in X-ray microscopy, this study aimed to elucidate 
mechanisms of uptake, subcellular distribution, and translocation of functionalized CeO2 
MNM (manufactured nanomaterials), having different charges, by tomato plants (Solanum 
lycopersicum cv Micro-Tom). We found that plant growth and Ce concentrations in tissues 
were functions of surface charge and exposure concentration. Mechanisms of entry into 
roots and translocation within plants were examined using X-ray nano- and microprobes. 
There were dramatic differences in the tissue and subcellular distributions of Ce in plant 
roots exposed to dextran-coated CeO2 nanoparticles conjugated with positive, neutral and 
negative functional groups. The results suggest that particles have drastically different tissue 
distribution patterns across the root cross section depending on their surface charges. Ce likely 
entered through the gaps between epidermal cells being sloughed off during root growth 
and penetrated deeper into the interior of the roots (vasculature) via a combination of 
apoplastic and symplastic transport. Evidence of symplastic Ce transport was observed with 
the neutrally and negatively charged particles. We observed evidence of endocytosis as the 
mechanism for entry into the symplast allowing for entry into the xylem. This study 
provides critical information on how particle surface chemistry influences the 
biodistribution and cellular localization of nanomaterials in plants and is to date the highest 
resolution X-ray imaging of nanomaterials in plant cells. 
 
Key words: CeO2 nanoparticles, surface charge, plant uptake, biodistribution 
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2.2 Introduction 
In recent years, there has been intense interest in understanding how manufactured 
nanomaterials (MNM) interact with plants84, 115, 117, 155-161. This interest initially developed 
over concerns about entry of manufactured nanomaterials into terrestrial food chains148, but 
more recently, there has been a surge in interest over the use of nanomaterials as targeted 
fertilizers and pesticides117, 154, 162. 
Identification of the properties that dictate how MNM interact with plants is crucial 
to both assessing ecological risks and developing agricultural applications for nanomaterials 
(phytonanotechnology). Evidence of bioaccumulation of metal and metal oxide MNM by 
plants is abundant, which usually shows nano-specific effects which differ from treatments 
with metal ions or bulk materials that are of the same chemical composition 93, 163.  
There is still much to be learned about mechanisms behind uptake of nanomaterials 
in plants and how nanomaterial properties influence these mechanisms. Uptake and 
translocation of MNM applied to roots requires entry into the xylem. For MNM to move 
from soil to the xylem, they must cross multiple biological barriers, such as the mucilage 
and the Casparian strip 164. The path from the periphery of the root towards the vascular 
tissue in the center, is critical for translocation of MNM into the leaves and other above 
ground tissues in a plant. There are three potential routes for movement of water and 
associated materials from the soil to the xylem: apoplastic, symplastic and transcellular 165. 
Many have suggested that the apoplastic route through the extracellular spaces in roots is 
the primary route of transport of MNM to the xylem 166, given that this route is the path of 
least resistance without entry into the cells; however, the presence of particles within 
intracellular compartments has also been observed 80, 84, 162, 167-169. Further, the Casparian 
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strip, a water impermeable barrier located in the endodermis which blocks apoplastic 
transport, makes it likely that MNM must at some point enter the protoplast of cells to gain 
entry to the xylem and be transported to aerial portions of the plant. It should be noted, 
however, the Casparian strip is poorly developed in growing root tips, so its effectiveness 
as a barrier is unclear. 
It is widely known that MNM surface chemistry plays a key role in determining the 
uptake, toxicity, biodistribution and subcellular localization of MNM in organisms 156, 170-
172.   The influence of surface chemistry on the mechanisms of uptake and biodistribution in 
plants has not been well explored and deserves systematic investigation 173.  Such 
investigations have been previously hampered by a lack of analytical techniques that have 
the specificity, spatial resolution, and sensitivity required for the task. Fortunately, new 
tools which combine these capabilities have recently become available at the newest 
generation of synchrotron light sources.  We imaged the subcellular distribution of MNM 
in plant roots using a novel hard X-ray nanoprobe (HXN) with unprecedented spatial 
resolution (< 15 nm) 174, 175. This was complimented by ultra-high sensitivity, spatially 
resolved X-ray absorption near edge spectroscopy (XANES) to determine speciation of the 
MNM in fixed plant tissues at ng/g dry mass concentrations. 
This study utilizes a set of CeO2 MNM with identical cores and surface polymers, 
differing only in functional group substitution and resulting impact on zeta potential. 
Previous research has demonstrated that these changes in CeO2 MNM surface chemistry 
have profound effects on uptake, subcellular localization and toxicity 170, 176. CeO2 serves as 
good model material for studying plant-MNM interactions. It is relatively insoluble in 
typical plant growth media and can be easily measured and tracked by a number of different 
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imaging and spectroscopic methods. CeO2 MNM are among the most widely used 
nanomaterials found in fuel additives, polishing agents, industrial catalysts, and have 
recently received interest for use as plant growth promoters in agricultural production 177-
180.  In human health research, CeO2 MNM have received attention both as a potential 
therapeutic and as a toxicant. The ability of Ce in CeO2 MNM to undergo reversible 
transitions between III/IV valence states allows them to behave both as either a pro- or anti-
oxidant depending on context 37.  While adverse effects were suggested for CeO2 MNM in 
various biological systems 60, 181, 182, the impact of key physico-chemical properties affecting 
the environmental fate and ecotoxicity of these materials such as size and surface coatings 
have yet to be established 183.  A few in vitro studies have investigated the effects of surface 
valence state, size, and surface charge on the localization, intracellular trafficking and 
cytotoxicity of CeO2 nanoparticles 
172, 176, 184.  These studies showed that CeO2 MNM with 
neutral polymers localized primarily in the cytoplasm and had minimal toxicity, whereas 
positively and negatively charged particles were found in lysosomes and caused 
cytotoxicity 176. Our previous research demonstrated that positively charged, 
diethylaminoethyl dextran (DEAE) coated CeO2 MNM (2-5 nm) were taken up much more 
efficiently and elicited far greater toxicity in nematodes (Caenorhabditis elegans) than 
neutral dextran coated CeO2 MNM or negatively charged carboxymethyl dextran (CM) 
coated CeO2 MNM. We also demonstrated that the macroscopic distribution of neutral and 
negatively charged CeO2 NPs in the leaves of wheat plants was different 
170. 
The objective of this study was to investigate the mechanisms of uptake and 
biodistribution of a set of well-defined CeO2 MNM, differing only in surface functional 
groups and by extension zeta potential, in the model organism tomato (Lycopersicum 
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solanum CV Micro Tom). This species is a good model vegetable crop which is easily maintained 
in the laboratory and has a sequenced genome.  This objective required observing the 
localization and chemical speciation of the materials across spatial scales ranging from the 
nm scale (10-15 nm) to the mm scale at ng/g concentrations. We hypothesized that surface 
chemistry would have a profound influence on tissue distribution of CeO2 MNMs, and that 
these differences would have a cellular basis.  This study has far reaching implications for 
a general understanding of how surface chemistry influences the behaviors of nanoscale 
objects taken up by plants. It also provides a powerful demonstration of how material 
properties can be tailored to control MNM distribution within plants at the tissue and 
subcellular level for potential phytonanotechnology applications. 
2.3 Methods 
Nanoparticle synthesis and characterization 
Dextran coated CeO2 MNM with a nominal 2-4 nm primary particle diameter (DEX-
CeO2) were synthesized using a previously described procedure 
170. In this study, primary 
particle diameter was determined by transmission electron microscopy (TEM; JEOL 2010F, 
Tokyo, Japan). This dextran coating was then functionalized with diethylaminoethyl groups 
to confer either a net positive charge (diethylaminoethyl dextran; DEAE-CeO2), or 
carboxymethyl groups to confer a net negative charge (carboxymethyl dextran; CM-CeO2). 
Details of the synthesis and functionalization of the particles can be found in the Supporting 
Information (SI). Mean hydrodynamic diameters and electrophoretic mobilities of the MNM 
treatment suspensions were measured using a Nano-ZS zetasizer (Malvern Instruments, 
Malvern, United Kingdom) using dynamic light scattering (DLS) and phase analysis light 
scattering (PALS), respectively.  The measurements were made at a suspension 
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concentration of 30 mg Ce/L CeO2 MNMs suspended in 10% Hoagland’s solution. The zeta 
potential was calculated using the Hückel approximation using the Malvern software.   
 
Measurement of dissolution from CeO2 in media 
The nanoparticle treatments were suspended in 10 mL 10% Hoagland’s media at the 
same concentrations used for the experiment (10, 30 and 100 mg/L) and incubated for 24 
hours. 5mL of the mixture was filtered through centrifugal devices (Amicon Ultra-4, pore 
size 3kD equivalent to 1 nm) and the filtrate was collected. To avoid binding of Ce ions to 
the filter media, which could reduce recovery, the filter was pre-conditioned with 1mM 
CuSO4 before use. Ultrapure HNO3 was then added to the filtrate to a final concentration of 
0.15 M HNO3. The unfiltered aliquot was digested by the microwave-assisted method 
described in the exposure section below. Ce content of the filtrate (5mL) as well as the 
unfiltered aliquot was analyzed using ICP-MS using previously described methods 170. The 
dissolved Ce fraction was calculated as (ng Ce/L in filtrate)/(ng Ce/L in the unfiltered 
suspension)*100%. 
Exposures 
Tomato (Solanum lycopersicum cv Micro-Tom) plants were germinated on a Phytagel 
plate (Phytagel, Sigma-Aldritch, St. Louis, MO USA) after which they were transferred and 
grown hydroponically in 10% Hoagland’s solution with a photoperiod of 12 h under 
fluorescent lights (135 ± 3 μmol photon m−2 s−1 light intensity) at 25°C.  Plants were exposed 
to particles surface-modified with polymer coatings (DEX-CeO2, DEAE-CeO2, CM-CeO2) 
two weeks post germination.  Exposure media contained high (100 mg/L) medium (30 
mg/L) and low (10 mg/L) concentrations of Ce and the exposure duration was 14 d. Fifteen 
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independent biological replicates per treatment were performed. These exposure 
concentrations were chosen based on the principle that a broad range of sub-lethal 
concentrations could be tested which caused detectable Ce accumulation in the tissues. The 
plants were also exposed under the same conditions to various concentrations of CeCl3 to 
determine the uptake of ionic Ce from the media. Plants were then rinsed with DI water and 
tissues were collected for determining bulk metal concentration using ICP-MS and for 
imaging using synchrotron light sources. Untreated plants were maintained in the same 
conditions as negative control. 
ICP-MS analyses 
Freeze-dried plant tissues (roots and shoots collected separately) were digested with 
0.75mL concentrated ultra-pure nitric acid and 0.25mL hydrogen peroxide using a 
microwave system. Samples were then diluted with 5% ultra-pure nitric acid for ICP-MS 
(Agilent, 7500cx, Santa Clara, CA) analysis. Details of our analytical methods have been 
described in detail previously 170. 
Synchrotron XRF and XANES 
Tissues within 1 mm of the tip of the primary roots were dissected with a razor blade, 
fixed in sodium acetate buffer (pH 7.2) containing 4% glutaraldehyde and 1% 
formaldehyde and embedded in epoxy resin. Thin sections were cut from the embedded 
samples at ~1 µm thickness and mounted on a specially made silicon dioxide slide with a 
platinum finding grid for ultra-high-resolution X-ray fluorescence imaging using the Hard 
X-ray Nanoprobe (HXN) Beamline 3-ID at NSLS-II, Brookhaven National Laboratory 
(BNL). NSLS-II is a medium energy synchrotron operating at 3 GeV.  Beamline 3-ID uses 
multi-layer Laue lenses (MLLs) for final focusing to provide a minimum focus size smaller 
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than 15 nm. For this work, we used various sampling resolutions of 10~100 nanometers per 
pixel, depending on the resolution and throughput needs for the experiment, albeit for a field-
of-view of a few microns. For a complete picture, root tissue cross-sections were imaged at 
~1 m  resolution using the GSECARS beamline 13-ID-E at (Advanced Photon Source) 
APS, Argonne National Laboratory (ANL). The APS is a high energy ring operating at 7 
GeV. In addition, spatially-resolved X-ray absorption near edge structure (XANES) 
spectroscopy was performed at 13-ID-E to interrogate the Ce speciation in root cells. Lastly, 
the second leaf that emerged from plants in three treatments were clipped intact and mounted 
with metal-free Kapton tape to aluminum mounts for analysis at Submicron Resolution X-
ray Spectroscopy (SRX) Beamline at beamline 5-ID at NSLS-II, BNL.  The SRX had a focus 
size of slightly less than 1 m.  Details are provided in the supplementary information.  All 
three beamlines use undulator insertion devices as the X-ray source. 
Spectral Fitting and Image Processing HXN and SRX imaging data 
Spectral fitting of HXN and SRX data was performed using the PyXRF spectral fitting 
program 185. Briefly, a summed spectrum fit by a user-assisted fitting approach determined 
global fitting parameters, including the position and peak width of fluorescence peaks, 
background, pileup and escape peak and Compton and elastic scatter peaks. Then, elemental 
maps were generated based on the integrated fluorescence intensities determined by the 
spectral fitting. 
Collection of XANES spectra and data reduction 
All XANES spectra were plotted and normalized to the region 15-150 eV post edge 
(the Ce L3 edge at 5726 eV) using Athena 186. For the root sections, XANES spectra were 
collected from regions of interest across the entire root and were presented as merged spectra 
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for each treatment. For leaf samples, three XANES spectra were acquired for multiple 
regions of interest. With the DEAE-CeO2 and CM-CeO2 treatments, spectra were merged 
for all spots examined. We used bulk CeO2 and CeCl3 as standards for Ce IV and Ce III, 
respectively. The standards were finely ground to a particle size which corresponded to less 
than one absorption unit thickness (to avoid self-absorption effects) and mounted on 
cellulose acetate adhesive tape. Layers of the adhesive tape were stacked until the standards 
resulted in an approximately 1 absorption unit edge-step. 
Statistical analyses 
The SAS software package was used for statistical analysis. The data were tested for 
normality using the Shapiro-Wilk test. The distribution if shoot concentrations of Ce was 
non-normal hence a non-parametric Kruskal−Wallis one-way ANOVA was used followed 
by pairwise comparison using the Mann−Whitney U-test. Data points for biomass and root 
Ce concentrations were found to be normally distributed and were analyzed by one-way 
ANOVA followed with post-hoc Tukey’s test for pairwise comparisons. Difference with 
p<0.05 was considered to be statistically significant. We used 15 replicates per treatment 
and all were included in statistical analyses. 
2.4 Results and discussion 
Nanoparticle synthesis and characterization 
We utilized a set of CeO2 MNMs that differed only by zeta potential, as conferred by 
substituting different functional groups on their surface polymers. The synthesis and 
characterization of these MNM has been described previously 170. We synthesized dextran 
coated CeO2 MNMs (DEX-CeO2) and then substituted diethylaminoethyl groups (DEAE) 
into the dextran to confer positive charge or carboxymethyl groups, (CM) to confer negative 
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charge. The primary crystallite size of the CeO2 cores, as measured by transmission emission 
microscope (TEM), ranged from 2-4 nm. Dynamic light scattering (DLS) and phase analysis 
light scattering (PALS) showed that the hydrodynamic diameters of the particles were 
similar in the exposure media (ranging from 16-22 nm), but the apparent zeta potentials 
differed as expected (Table 2.1).  The zeta potentials were +13, -3 and -15 for the DEAE-
CeO2, DEX-CeO2, and CM-CeO2 treatments, respectively. Dissolution of the CeO2, as 
determined by ultrafiltration (1 nm nominal pore size) and inductively coupled plasma mass 
spectrometry (ICP- MS), showed that negligible dissolution (<0.31%) occurred in the 
exposure media for all three particle types over the timescales of the experiments (Table 1). 
Toxicity 
One-week after germination, tomato seedlings were transferred from germination 
plates to exposure solutions containing 10, 30, and 100 mg Ce/L in the forms of DEX-CeO2, 
DEAE and CM-CeO2 for 14 d. Compared to control, tissue dry mass was significantly 
reduced in particle-treated groups for both roots and shoots after two weeks of exposure (Fig 
2.1). Positively charged DEAE-CeO2 treatment caused significantly greater growth 
inhibition than the other two treatment groups. Light microscopy of the root tips revealed 
cell damage (Fig 2.2). Lesions resulting from cell death can be clearly seen in the root tip 
regions of plants in the DEAE-CeO2 treatment. Cell shrinkage was observed in roots from 
the DEX treatment. Such cellular injury can severely hamper the function of the roots, such 
as the ability to absorb and transport minerals, which might explain the chlorotic symptoms 
observed in the leaves (Fig. 2.S1). 
In contrast to our observations, previous studies have shown moderate toxicity for 
CeO2 NPs in various plant species 
100, 118, 187. Sometimes, even beneficial effects were noted 
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for these particles on seed germination and seedling growth 187. However, particles used in 
these studies were without surface coatings and considerably larger in size (>20 nm) as 
compared to particles used in this study (2-4 nm) 100, 118, 187. The increased toxicity of our 
materials relative to those used in previous studies may relate to increased reactivity of CeO2 
particles of <10 nm in diameter, enhanced colloidal stability of polymer coated CeO2 and/or 
the charged functional groups, particularly the positively charged DEAE groups. 
Tissue distribution 
Root Ce concentrations were drastically different among the treatments (Fig 2.3), with 
the DEAE-CeO2 (positive) and DEX-CeO2 (neutral) treatments having much higher Ce 
concentrations than CM-CeO2 (negative). The outermost surface of the root tip is covered 
with a mucilage layer which consists of polysaccharides and proteinaceous substances. 
Under typical soil pH values, this layer gives the root a negatively charged surface, which 
would therefore tend to have a greater affinity for neutral and positively charged MNM than 
negatively charged MNM. This result is consistent with a similar trend of root association 
as influenced by surface coating and charge noticed in previous studies 188-190, suggesting a 
consistent mechanism governing the interaction. Our previous study with the same particles 
used in this study revealed a similar trend of tissue distribution and similar root masses of 
Ce within wheat plants (Triticum aestivum) exposed for up to 34h 191. 
Analysis of the shoot tissues revealed that accumulation in the roots did not predict 
the extent to which Ce was translocated to the aerial part of the plants. Despite having lower 
root concentration, a greater quantity of the CM-CeO2 (negatively charged) coated MNM were 
translocated to the shoots than the other two treatments (Fig. 2.3C). This, together with the 
fact that only a small fraction of Ce was translocated from the roots to the shoots, indicates 
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that the majority of Ce associated with the root tissue did not enter the xylem, which is the 
only route by which materials are carried from root to shoot.  
We also examined the consequences of exposure to ionic Ce using dissolved CeCl3 
(Fig 2.S2). Growth retardation from the ionic Ce(III) treatment was insignificant when 
exposure concentrations were below 5 mg Ce/L. Given the low dissolution rate of CeO2 
shown in Table 1, the toxicity and Ce bioaccumulation are very likely the result of particle 
uptake. Furthermore, under the highest CeCl3 exposure concentration (15 mg Ce/L), which 
was toxic to the plants, less Ce was translocated to the shoots, whereas for the particle 
treatments, translocation rates remained greater even with plants suffering from the severest 
toxicity (DEAE-CeO2-treated). Given that the Hoagland’s medium contains phosphate, it is 
possible that CePO4 precipitate formed in the CeCl3 treatment, limiting uptake.  
Subcellular distribution and speciation of Ce in root tips 
Numerous previous studies have demonstrated that a variety of plant species take up 
various types of MNM. However, the mechanism of uptake has remained enigmatic. A 
recent study investigating exposure of alfalfa (Medicago sativa) to Ag and Ag2S 
nanoparticles indicated that the root tip is the site where nanoparticles likely enter the plant 
166. Data for the overall distribution of Ce in cross sections of the root tip was obtained at 
~1 µm resolution showed that distributions of Ce in the tissue are different for the three 
treatments. Ce appears to be co-localized with the cell wall/cell membrane boundaries in 
DEX-CeO2-treated root at this resolution (Fig. 2.4 A, B). In the CM-CeO2-treated root, Ce 
was found almost across the entire root cross section. Scattered hotspots were visible as 
well as regions with a more diffuse distribution (Fig. 2.4 F, G). For the DEAE-CeO2-treated 
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root (positive charge), Ce was found primarily on the epidermis, with little in the interior of 
the root (Fig. 2.4 K, L). 
Images showing the cellular and subcellular distribution of Ce within the root tips 
using the HXN
 
are shown in
 
Fig 2.4 C, D, E, H, I, J, M and Fig. 2.S4. These images show 
entry of Ce into plant roots at the cellular level. Clearly observed in the DEX-CeO2 (neutral) 
treatment, is Ce present within spaces between the epidermal cells that are partially separated 
from the epidermis, presumably as a result as cells are being shed from the epidermis during 
root tip growth (Fig. 2.4C, 2.S4). The presence of Ce in the apoplastic spaces between cells 
(Fig 2.4D, E and Fig. 2.S4), which are approximate 100-200 nm across, suggests that 
movement through these spaces is the route of passage from the epidermis to the vascular 
tissue. The presence of intracellular Ce hotspots in the cytoplasm of cells near the vascular 
bundle in the center of the root suggests that Ce was actively internalized by the cells within 
this region (Fig 2.4E). Within the stele itself, cells appear to show Ce both within the 
apoplast and throughout the cytoplasm within intracellular vesicles which are likely 
endosomes (Fig 2.4E and Fig 2.5).  The Casparian strip is a barrier in the endodermis that 
prevents mass transfer from the cortex into the xylem. It has been an open question as to 
how particles traverse this barrier. One hypothesis was that they move through poorly 
developed regions of the Casparian strip in the root tip. Without completely ruling out that 
hypothesis, we conclude based on the evidence presented here that the particles are also 
endocytosed within the inner regions of the cortex and transferred across the endodermis 
symplastically. 
XANES spectroscopy is very useful in distinguishing between the two primary 
oxidation states of Ce (Ce(III) and Ce(IV)), with Ce(III) producing a solitary absorption 
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peak or “white line” at 5722 keV, and Ce(IV) producing two peaks at 5725 and 5732 keV. 
The particles mostly consist of Ce (IV) as-synthesized, although a small percentage of the 
atoms are in the Ce (III) state due to oxygen vacancies as shown in our previous work 192.  
An important question is whether this material is intact DEX-CeO2 or transformation 
products.  We conclude that at least a portion of this material is intact CeO2.  The proportion 
of Ce(IV) in the epidermis, cortex, and vasculature is 47, 32 and 36 percent, respectively 
(Fig 2.6).  Given that the percentage of Ce(IV) is similar in the cortex, which is where Ce 
was primarily located in the apoplastic space, was similar to the vasculature, where Ce was 
primarily found in the cytoplasm, it is likely that both intact CeO2 and transformation 
products were internalized into cells. However, Fig 2.5 clearly shows, that if present, these 
transformation products must have been nanoscale or smaller, given that the size of the Ce 
hotspots in the cytoplasm was less than 20 nm.  CePO4 particles seen in previous studies 
as transformation products are typically larger than this 126, 193.  Dextran-coated CeO2 
particles within this size range (<5 nm) can accommodate Ce (III) atoms within their crystal 
structure and these atoms can reversibly transition between the +III and +IV oxidation 
states 194, 195, so it is possible that these <20 nm hotspots contain CeO2 particles with a large 
percentage of oxygen vacancies on the surface giving them a greater percentage of Ce (III) 
194.  The presence of Ce ions bound to macromolecules is unlikely as they would likely 
have had a much more diffuse distribution as has been seen with Cu ions in tissues versus 
Cu oxides 53. 
A previous study suggested that the primary site of biotransformation is on the 
surface of the epidermis 193. Given that the percentage of Ce (IV) was similar in epidermis 
and the vasculature, we cannot rule this out. It is important to note that the particles used 
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in our study are far smaller at 2-4 nm, than particles used in this previous study 193 which 
used 25 nm particles, and are likely more readily reduced 194, 195, so they may behave 
differently intracellularly. In our previous study, differences in Ce(IV)/Ce(III) ratios were 
observed for hydroponic exposures to wheat plants, with a higher Ce(IV)/Ce(III) ratio being 
observed in areas with greater total Ce concentration, and a lower Ce(IV)/Ce(III) ratio 
observed in areas with less total Ce 188.  This suggests differential transport of transformation 
products within the tissues, relative to intact materials. 
A very different distribution pattern emerged in the CM-CeO2 (negative) treatment 
(Fig 2.4G). In addition to the apoplast, Ce was observed in the cytoplasm throughout the 
cells in the cortex (Fig 2.4 H&I). High resolution HXN imaging clearly identified multiple 
circular/spherical structures of around 100 nm in diameter within the cells containing Ce 
(Fig. 2.4 J), again suggestive of the presence of particles within endosomes. Thus, it appears 
that the negatively charged particles are more actively endocytosed within all regions of the 
cortex and exist in both the symplastic and apoplastic compartments of the root tissue. This 
suggests to us that the cortical cells preferentially endocytose negatively charged particles. 
It is possible that the DEX-CeO2 particles began to be endocytosed within the inner regions 
of the cortex as they gained a negative charge due to the formation of a protein corona. It 
has been shown that acquisition of a protein corona, or surface coating of proteins, confers 
a net negative charge to nanoparticles with a wide variety of initial surface chemistries 196, 
197. Alternatively, endocytosis is less charge-specific within the inner cortex. 
The percentage of Ce (III) in CM-CeO2 treated root tissue decreased from the 
epidermis (54%) to the cortex (49 %) and vasculature (24%) (Fig 2.6).  This suggests that 
untransformed particles were preferentially transported to the cortex from the epidermis, 
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and it does tend to support the hypothesis that the majority of transformation of the CM-
CeO2 particles occurred in the epidermis.  
For the DEAE-CeO2 (positive) treatment, the root was completely coated with a thick 
(>1µm) layer containing high concentrations of Ce (Fig 2.4 K, L, and M), which correlates 
with the high bulk Ce concentration detected in roots by ICP-MS relative to the other two 
treatments (Fig 2.3).  Low concentrations of Ce within the cortex and vascular tissues made 
it impossible to discern the tissue and subcellular level distribution of the DEAE-CeO2 
particles. This explains the relatively poor translocation efficiency observed for the DEAE-
CeO2 treatment. It remains unclear whether the necrosis in root tissue observed in this 
treatment resulted from impairment of water or nutrient uptake through the root hairs and 
epidermis or was primarily caused by internalized DEAE-CeO2 particles, which only 
account for a small fraction of the observed Ce. Necrosis in the root tissue is likely a 
significant cause of observed decreased growth and foliar symptoms. Our previous studies 
of the same materials with the nematode C. elegans found that the DEAE-CeO2 particles 
were several orders of magnitude more toxic than the CM-CeO2 or DEX-CeO2 particles, 
even after factoring in differences in bioavailability among the particle types 170, 173.  
The percentage of Ce (III) was slightly higher in the cortex (34%) than the epidermis 
(22%) for DEAE-CeO2 treated plants (Fig 2.6).  This suggests two possibilities, either CeO2 
continued to be transformed within the cortex, or transformed particles were preferentially 
transported to the cortex from the epidermis. Although preferential transport of 
transformation products seems unlikely given their larger size, we cannot rule out this 
hypothesis.  
Cerium distribution and speciation within leaf tissue 
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Because of the low concentrations of Ce found within the shoots, and even lower 
concentrations in the leaf tissue itself (Fig 2.S3), we required lower detection limits for 
imaging than were possible at HXN. We utilized the Submicron Resolution X-ray 
Spectroscopy (SRX) Beamline at NSLS-II which enabled micron-scale imaging and 
XANES spectroscopy at low to sub- mg/kg Ce concentrations. Again, surface charge greatly 
affected the distribution of Ce within leaves (Fig 2.7). In the CM-CeO2 treatment, the 
majority of the Ce was found within the vascular tissue in relatively large foci with few 
smaller foci within the mesophyll. The Ce in the DEX-CeO2 and DEAE-CeO2 treatment was 
distributed primarily as small foci. XANES spectra collected at the foci from the DEAE-
CeO2 leaf sample, which located primarily in the mesophyll, indicated the predominance of 
Ce (IV) (Fig 2.7D). In contrast, almost all the Ce regions in the CM-CeO2 leaf were shown 
to contain the reduced form, Ce(III). For the DEX-CeO2 treatment, Ce(III) was still the 
major form in the veins while small spots in the mesophyll produced characteristic Ce(IV) 
peaks.  
Dissolved Ce
3+ 
is likely released through reductive dissolution of CeO2 they 
precipitate as relatively large Ce(III) phosphate crystallites. These large elongated 
hexagonal Ce (III) phosphate crystals have been previously observed in the apoplast of 
cucumber plants exposed to CeO2 MNM 
126. While Ce L-edge XANES is not capable of 
discriminating between different Ce (III) compounds, Zhang et al. 126 used FTIR 
spectroscopy to confirm that these crystals, which they observed using TEM, were CePO4. 
The spatially resolved XANES spectroscopy presented here also show that the 
untransformed CeO2 is accumulated primarily within the mesophyll, while Ce (III) 
accumulated within the vasculature (Fig 2.7).  This is most clearly shown for the DEX-CeO2 
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treatment where merged spectra from the mesophyll are 73% Ce (IV), while the veins 
contain only 46% Ce (IV).  These very small Ce (IV) hotspots may be intact particles while 
the larger elongated structures observed in the veins may be the hexagonal CePO4 structures 
observed by Zhang et al. 126.  
2.5 Conclusion 
Surface functionalization had a profound influence on the uptake, tissue and 
subcellular distribution CeO2 MNM in the plants. Endocytosis also appears to be more 
efficient for negatively charged CeO2 than positively charged CeO2 or neutral CeO2 in the 
plant root tip cells.  This likely explains the dramatic difference in translocation of these 
differentially charged CeO2 MNM.  When MNM age in natural soil, they are likely to 
ultimately gain a coating of natural organic matter, conferring a net negative charge. This 
may ultimately enhance their translocation to leaves regardless of initial surface chemistry.  
Finally, the differential tissue and cellular distribution as a function of particle surface 
chemistry suggests that targeted, MNM-mediated delivery of agrochemicals to different 
biological compartments within the plant is possible at both the tissue and subcellular levels. 
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2.6 Tables and figures 
 
Table 2.1 Characterization of CeO2 MNMs 
Size distribution, zeta potential, and dissolution of polymer coated CeO2 nanoparticles in 
10% Hoagland’s medium (DEAE = diethylaminoethyl dextran coated CeO2; DEX = 
dextran-coated CeO2; CM= carboxymethyl dextran-coated CeO2). Dissolved Ce measured 
after 24 hours. Data are means with standard deviations in parenthesis. 
 
 
 
  
Nanoparticle 
treatments 
Volume weighted 
hydrodynamic 
diameter 
Apparent zeta 
potential 
Dissolved Ce 
in media (%) 
DEAE-CeO2  16 nm (2.3 nm) +13 mV (0.67 mV) 0.22 (0.07) 
DEX-CeO2  22 nm (3.5 nm) -3 mV (0.36 mV) 0.31 (0.06) 
CM-CeO2  20 nm (3.8 nm) -15 mV (1.23 mV) 0.26 (0.04) 
 
 
 34
  
 
Figure 2.1 Biomass reduction 
Reduction in biomass production for shoots (A) and roots (B) upon treatment with CeO2 
nanoparticles coated with diethylaminoethyl dextran (DEAE, +), dextran (DEX, N) or 
carboxymethyl dextran (CM, -). Statistical significance detected by post-hoc Tuckey’s 
tests on the coating factor is denoted by * (between treatment groups) and # (treatment vs. 
control), p<0.05 and p<0.01 levels are indicated by single and double symbols. 
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Figure 2.2 Damage to the root tips 
Micrographs showing histological lesions at the root tips. A, control, B, DEAE, C, DEX. 
Damage to the meristem is pointed out by arrows in B&C. There are extensive cellular 
abnormalities and void necrotic regions around the meristem. Scale bar = 50 µm. 
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Figure 2.3 Bulk Ce concentration in tissue 
Bulk tissue concentration of Ce in root and shoot was determined for treatment groups 
DEAE, DEX, and CM after two weeks of treatment. See text for details. The same 
statistical procedures were used to analyze the data set as in Fig 2.1. Significant differences 
detected by post-hoc Tuckey’s tests on the coating factor are denoted by * (p<0.05) and ** 
(p<0.01). 
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Figure 2.4 Ce distribution at root tips 
X-ray fluorescence micrographs of root tip cross sections for DEX (A-E), CM (F-J), and 
DEAE (K-M). B, G, and L are 1 µm resolution coarse maps of Ce distribution throughout 
the root collected at Advanced Photon Source sector 13. Images C, D, and E represent 
magnified view of the rectangular regions in B, and were collected at the Hard X-ray 
nanoprobe (HXN) beamline of the National Synchrotron Light Source II at a 60 nm 
sampling resolution. Image E is further described in Figure 2.5. These images show 
subcellular features near the epidermis, cortex and stele, respectively. Images H, I are 60 
nm sampling resolution images of the rectangular regions in G, showing distribution in the 
cortex and at the endodermis, respectively. The squared region in J was mapped with ultra-
high 15 nm resolution (H), showing signs of endocytic transport of Ce (putative vesicular 
structures indicated by arrows). Image M is a 60 nm resolution image of the rectangular 
region in L, at the epidermis. A, F and K are light micrographs of the root sections. Scale 
bars: B,G, and L-50 m, C,D,G,H and L- 5 m, E- 2 m, I- 200 nm.  Cy = cytoplasm; Ap 
= apoplast; Va = vacuole; En = endosome. (Figure on next page) 
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Figure 2.5 Evidence of cytoplasmic distribution 
A 60 nm sampling resolution image collected at NSLS-II from near the stele of the root 
from a DEX treated plant. Brighter areas indicate areas of increased Ce La fluorescence 
intensity. Clearly visible in this image is Ce within the apoplast and within putative 
endosomes located in the cytoplasm surrounding the vacuole (annotated at the right). 
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Figure 2.6 Ce speciation at the root tip 
In situ Ce L3-edge XANES spectra of the root cross sections. A-C) Merged spectra from 
hot spots in different regions of the section. DEAE: #1-12, epithelium; #13, cortex. DEX: 
#7-8, epithelium; #5,6,9, cortex; #1-4,10, vasculature. CM: #1,2,7-11, epithelium; #3-4, 
cortex; #5-6, vasculature. D) Linear combination was used to fit the spectra with the two 
standards. The respective contributions of Ce (III) and Ce (IV) are not forced to sum to 
100%. Quality of the fit is denoted by reduced chi-squared. Epi, epithelium; Cor, cortex; 
Vas, vasculature. Scale bar in the XRF graph = 50 µm. Examples of individual fits are 
shown in the Fig S5. The horizontal lines in figure C are from scattered X-rays from the 
platinum grid on the sample holder, not Ce. 
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Figure 2.7 Ce distribution and speciation in leaf tissue 
XRF scans and in situ Ce L3-edge XANES spectra of the leaf samples from three 
treatments. A) CM, B) DEX, C) DEAE. Signals of Ce and K are represented in the red and 
green channel of the images, respectively. Regions from which XANES spectra shown in 
Fig 2.6 were collected are indicated by numbered squares. Scale bar = 20 µm. D) Merged 
XANES spectra from leaf areas denoted by squares. DEX1 are collected from hotspots 
within veins (#2,3&6 in Fig.2.7B), DEX2 from hotspots in the mesophyll (#1,4,5&7 in Fig 
2.7B). E) Linear combination was used to fit the spectra with the two standards. The 
respective contributions of Ce (III) and Ce (IV) are not forced to sum to 100%. Quality of 
the fit is denoted by reduced Chi-squared. 
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2.7 Supplemental information 
Additional details for synchrotron X-ray methods 
The goal of the synchrotron-based micro X-ray Fluorescence experiments (XRF) was 
to evaluate the effect of surface charge/coating on localization of nano-Ce in roots and 
leaves of tomato plants. Roots of tomato plants exposed to nano-Ce having neutral, 
negative or positive surface charge were harvested and prepared as thin sections by routine 
electron microscopy (EM) processing methods: fixation in 4% paraformaldehyde + 1% 
glutaraldehyde mixture followed by dehydration series in methanol and then resin 
infiltration series in LR white resin. Root cross-sections approximately 1 mm from the 
apex were cut to 1 micron thickness using an ultramicrotome and mounted onto silicon 
dioxide backing material for  -XRF; serial sections were prepared on glass microscope 
slides for light microscopy and stained with toluidine blue dye to define cellular 
boundaries.  Routine EM processing is assumed to cause redistribution of mobile elements 
(e.g., aqueous K+ ion) in cells and tissues; however, it is unlikely to alter the localization 
of discrete or agglomerated particles such as CeO2. 
Ultra-high spatial resolution (circa 15 nm)  -XRF images of root cells were acquired 
at the Hard X-ray Nanoprobe (HXN) beamline at the National Synchrotron Light Source 
II (NSLS-II), and  -XRF images of entire root sections were acquired at GSECARS 
Beamline 13-ID-E (The University of Chicago) at the Advanced Photon Source (APS).  
Additionally, fresh tomato leaves from the third position on the apical stem were harvested 
and mounted onto Kapton tape and select regions were imaged at the Sub-micron 
Resolution X-ray (SRX) beamline at the National Synchrotron Light Source II (NSLS-II). 
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For  -XRF experiments, the incident beam energy was fixed at 12 keV. At the HXN 
beamline, samples were oriented 15° to the incident beam and scanned on-the-fly in the 
transverse direction using nano-positioning stages with laser interferometer feedbacks. 
HXN is an undulator-based, scanning X-ray microscope using a new class of X-ray 
nanofocusing optics -known as multilayer Laue lenses (MLLs) -to enable imaging 
experiments at a resolution of 10 nm, with an ultimate goal of about 1 nm1.  Images were 
typically collected for a 1 to 10  m2 area using a pixel size of 10 nm (fine resolution) to 
100 nm (course) and a transit time of 50 to 100 ms.  At the GSECARS 13-ID-E beamline, 
samples were oriented 45° to the incident beam and scanned on-the-fly in the transverse 
direction. Beamline 13-ID-E is an undulator-based hard X-ray microprobe instrument 
which utilizes dynamically-figured, grazing incidence silicon mirrors placed in Kirkpatrick 
Baez geometry for X-ray focusing.2 Images were collected for areas up to 350 m2 using 
a pixel size of 1  m and a transit time of 100 ms.  At the SRX beamline, samples were 
oriented 45° to the incident beam and sub-millimeter regions of tomato leaf were scanned 
with a step size of 5 to 20 microns using a dwell time of 1 second. Full X-ray fluorescence 
spectra for each pixel were acquired using Quantum Detectors Xspress3 Electronics with 
a Hitachi Vortex ME3 silicon drift diode (SDD) detector (HXN and SRX) or a Hitachi 
Vortex ME4 SDD detector (GSECARS) sitting at 90° to the incident beam and in the plane 
of the storage ring.  The fluorescence signal was normalized to the changes in intensity of 
the X-ray beam (I0).  Data processing for HXN and SRX was performed with NSLS-
II/PyXRF software (https://github.com/NSLS-II/PyXRF) and with U. Chicago 
CARS/LARCH software (https://github.com/xraypy/xraylarch). 
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Figure 2.8 Chlorosis 
Fig 2.S1. Signs of chlorosis in leaves (treatment level mg/L). A. DEX and CM, B. DEAE, 
C. Control. 
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Figure 2.9 Ionic control 
Fig 2.S2. Uptake of ionic cerium from CeCl3 (0.5, 1.5, 5, 15 mg/L Ce). A, dry masses of 
shoots and roots. B, C, tissue concentration of Ce. 
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Figure 2.10 Ce concentration in stem vs. leaf tissue 
Fig 2.S3. Cerium concentration in the leaves is much lower than in the stem. DEAE(+), 
DEX(N), CM(-). 
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Figure 2.11 Additional XRF coarse graphs 
Fig 2.S4. Additional XRF coarse tiling over a large area were used to locate specific 
regions of interest for high-resolution scans. A, DEAE, B, DEX (aside is a corresponding 
light microscope image of the part of the section scanned by XRF), C, CM. Scale bars are 
10 µm in A and C and 5 µm in B. 
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Figure 2.S4. (continued) 
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Figure 2.S4. (continued) 
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Figure 2.12 Example of linear combination fitting of the XANES spectra 
Fig 2.S5. Fit of XANES spectra from the epithelial regions of the cross sections A) 
DEAE, B) DEX and C) CM. 
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CHAPTER 3. TROPHIC TRANSFER OF DIFFERENTIALLY CHARGED CEO2 NANOPARTICLES 
FROM TOMATO (SOLANUM LYCOPERSICUM) PLANTS TO TOBACCO HORNWORM 
(MANDUCA SEXTA) LARVAE 
Jieran Li1 and Jason Unrine1,2 
 
Departments of 1Toxicology and Cancer Biology, and 2Plant and Soil Sciences, University 
of Kentucky, Lexington, KY USA 
 
 
3.1 Synopsis 
We exposed tomato plants with differentially charged CeO2 MNM and fed the leaves 
to the tobacco hornworm (Manduca sexta). Differential trophic transfer was observed as a 
function of the surface charge of the particles. An uptake and elimination study was 
conducted to obtain a time course of Ce dynamics. Despite no observed overall 
biomagnification across trophic levels, these differentially charged CeO2 MNMs had 
higher bioaccumulation factors than that of ionic Ce3+.  The uptake-elimination dynamics 
were influenced by the surface charge of the NPs. Positively charged NPs had higher 
bioaccumulation factors and assimilation efficiencies but lower elimination rate than 
neutral and negatively charged CeO2 MNMs. These results highlight the importance of 
MNM surface chemistry in determining their trophic transfer. This is the first study to show 
that the effects of MNM surface chemistry on bioavailability persist through trophic 
transfer. 
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3.2 Introduction 
Previous studies have shown that various types of manufactured nanomaterials can 
be taken up by the plants and transported to different tissues and organs 127, 158, 160, 198, with 
adverse effects on many crop plants including morphological changes, altered growth, 
biochemical and physiological changes, and genetic modifications 83, 95, 160, 199-203. As plants 
are primary producers in terrestrial ecosystems, there is a concern about the trophic transfer 
of MNMs from plants to consumers. While many studies have examined trophic transfer 
of MNMs in the aquatic environment  142, 144, 147, 204-206, only a handful of studies have 
explored trophic transfer of MNMs in terrestrial systems 149-153, 207. Although they used a 
wide range of metal-based nanomaterials, these studies have shown a common trend that 
exposure to nanomaterials results in higher body burden and trophic transfer rate than 
exposure to the corresponding metal ions or bulk metal compounds.  These studies have 
also not systematically investigated how surface chemical properties, such as surface 
charge affect trophic transfer, despite the profound effects that surface charge has on plant 
uptake and translocation of MNMs from roots to shoots 124, 208. 
CeO2 MNMs are a group of materials widely used as diesel fuel additives, polishing 
agents, chemical-mechanical planarization agents, and redox catalysts. While sharing a 
core chemical composition, these materials also possess unique properties such as size, 
crystalline phase and surface functionalization 178, 180, 209, 210. CeO2 MNMs released into the 
environment have been shown to have potential impacts on ecosystems, to various degrees 
182, 211, 212. A number of studies provided evidence of how CeO2 MNMs, having various 
physico-chemical properties, could interact with biological systems. In vitro cultured 
mammalian cells were found to endocytose CeO2 MNMs and transfer them to various 
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intracellular compartments via different mechanisms based on their size and surface charge 
176, 184. Polymer-coated particles with positive or negative charges on the surface co-
localized with lysosomes and had greater cytotoxicity than particles coated with neutrally 
charged polymer, which were primarily found in the cytoplasm 176. Studies using whole 
organisms found that the charge of the polymer coating had a great impact on the uptake 
efficiency and toxicity of CeO2 MNMs, whereas the toxicity of uncoated CeO2 MNMs was 
primarily dictated by the valence state of Ce on the surface 170, 213. Furthermore, our 
previous research on tomato plants demonstrated the uptake, translocation, sub-cellular 
distribution and biotransformation of CeO2 MNMs were functions of surface charge 
(Chapter 2). We made a key observation that different spatial distribution patterns of 
oxidized vs. reduced forms of Ce in the leaves of the plants might be indicative of the 
biotransformation processes that occurred in the roots after uptake. Scattered small foci 
containing Ce in the mesophyl tissue and larger foci of Ce in the vasculature (leaf vein) 
were found to contain primarily Ce(IV) and Ce(III) species, respectively. Given that insect 
larvae, such as hornworms, primarily assimilate the mesophyll tissue, they may 
preferentially take up the untransformed CeO2 materials, which contain primarily Ce (IV) 
versus the Ce (III) transformation products. 
Trophic transfer of CeO2 MNMs from the plants to herbivores such as insects has 
not been well documented. Upon entry into the digestive system of insects, the uptake or 
retention of particles occurs under the influence of complex biochemical and physiological 
factors of the alimentary canal such as pH, redox potential, and enzyme activity 214-216. Our 
previous research found evidence of uptake of Au nanoparticles (5, 10, and 15 nm) in the 
midgut of tobacco hornworm 149, 207. The alkaline environment of the midgut (pH > 8.0) 
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can hypothetically help stabilize the negative surface charges on the particles and reducing 
aggregation. In two other studies, it was shown that nano-sized CeO2 MNMs had greater 
potential for bioaccumulation and trophic transfer than bulk CeO2 
151, 152. These results 
illustrate the importance of particle size in the context of trophic transfer of MNMs, as 
smaller particles may have a greater chance of crossing the major physical barrier in the 
alimentary canal known as the peritrophic matrix 217.  
In this study we examined the trophic transfer of a set of well-defined polymer-coated 
CeO2 MNMs, differing only in the functional groups and therefore charges carried by the 
polymer coatings, in a simulated food chain. Herbivorous tobacco hornworm larvae 
(Manduca sexta) were fed with leaves of tomato plants (Lycopersicum solanum CV Micro 
Tom) that were pre-exposed to these CeO2 MNMs. We show that the rate of trophic transfer 
and bioaccumulation is influenced by surface charges. By tracking the body concentrations 
of Ce in tobacco hornworms, we were able to study the uptake and elimination dynamics 
of Ce, which in combination determined the overall trophic transfer efficiency. This is the 
first investigation into the effect of surface charge on the trophic transfer of Ce from CeO2 
nanoparticles in a terrestrial food chain. 
 
3.3 Methods 
Nanoparticle synthesis and characterization 
Nanoparticles were synthesized and characterized according to the procedure we 
described previously 170. Briefly, CeO2 MNMs with a dextran coating were synthesized 
using a modified alkaline precipitation method.  Dextran coated CeO2 (DEX) was then 
functionalized with either diethylaminoethyl groups (DEAE) or carboxymethyl groups 
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(CM) to confer net positive and net negative charges, respectively, over a wide pH range. 
Monodispersed particles in deionized water at 30 mg Ce/L were deposited on copper grids 
and dried for Transmission Electron Microscopy (TEM). Hydrodynamic diameters and 
electrophoretic mobilities of the MNMs were measured by Dynamic Light Scattering 
(DLS) and Phase Analysis Light Scattering (PALS), respectively, on a Nano-ZS zetasizer 
(Malvern Instruments, Malvern, United Kingdom) at 30 mg Ce/L MNMs suspended in 
deionized water. The zeta potential was estimated from electrophoretic mobility using the 
Hückel approximation. 
Exposure of tomato plants 
Tomato (Solanum lycopersicum cv Micro-Tom) plants were germinated on a 
Phytagel plate (Phytagel, Sigma-Aldritch, St. Louis, MO USA). Seedlings were transferred 
and grown hydroponically in 10% Hoagland’s solution with a photoperiod of 12 h under 
broad-spectrum fluorescent lights at 25°C. Treatments started two weeks post germination 
with particles surface-modified with polymer coatings (DEX-CeO2(0), DEAE-CeO2(+), 
CM-CeO2(-)) (30mg Ce/L) and CeCl3 (10 mg/L). Exposure lasted for two weeks. 10% 
Hoagland’s media was used to grow control plants. 
Exposure of the primary consumer 
Tobacco hornworm (Manduca sexta) eggs were purchased from Carolina Biological 
Supply (Burlington, NC, USA) and hatched on tomato leaves from control plants. Once 
the larvae reached the second instar, they were randomly divided into groups which were 
fed on fresh leaves from plants exposed to DEAE, DEX, CM, and CeCl3 as described 
above. The feeding lasted 7 days followed by a 7-day period of elimination when 
hornworms were fed with clean leaves from control plants. Larvae and feces were collected 
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for all treatments at 1, 3, 4, 5, 7, 8, 9, 10, 11 and 14 days. For larvae collected from the 
exposure phase (days 1-7), clean food was provided for a 12h period to allow clearing of 
Ce in undigested plant tissues before the larvae were prepared for analysis. 
ICP-MS analysis 
Freeze-dried leaves and insect tissues were digested with 0.75mL concentrated nitric 
acid (OmniTrace Ultra®) and 0.25mL hydrogen peroxide using a microwave digestion 
system in metal free polypropylene centrifuge tubes at 100 C for 10 minutes. Samples 
were then diluted to 0.75 M HNO2 with 18 M deionized water (DI) prior to analysis using 
inductively coupled plasma mass spectrometry (ICP-MS).  Details of this method have 
been described previously 170.  
Synchrotron XRF mapping of the midgut tissue and XANES analysis 
At the end of the exposure (day 7), larvae were dissected and the midgut was 
removed, fixed with neutral buffered formalin, and embedded in paraffin wax. The tissues 
were sectioned to 10 m using a microtome equipped with a surgical steel knife and 
mounted on quartz glass slides. These slides were mounted for analysis at beamline 5-ID 
at the National Synchrotron Light Source -II, Brookhaven National Laboratory, Upton, 
NY, USA.  X-Ray fluorescence (XRF) microscopy experiment was conducted with an 
incident X-ray at 10 keV. Micrographs were obtained for DEAE, DEX and CM treatments 
using the PyXRF software. The Lα1 and Lβ1emission lines were used to fit the Ce in the 
spectra. For three selected areas of elevated pixel intensity, we collected micro-focused X-
ray absorption near edge structure (XANES) spectra.  The XANES spectra in each sample 
and merged for all spots examined. We used bulk CeO2 and CeCl3 as standards for Ce IV 
and Ce III, respectively.  The standards were finely ground to a particle size which 
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corresponded to less than one absorption unit and mounted on cellulose acetate adhesive 
tape. Layers of the adhesive tape were stacked until the standards resulted in an 
approximately one absorption unit edge-step. XANES spectra were plotted and normalized 
to the region 15-150 eV post edge (the Ce L3 edge at 5726 eV) using Athena 186. 
Data analysis 
Assimilation efficiency (AE) was calculated as the ratio of the tissue Ce (ng) to the 
amount of Ce (ng) in the consumed food by day 1. Trophic transfer factor (TTF) was 
calculated as the Ce concentration in larvae divided by the Ce concentration in leaves. The 
SAS software package was used for statistical analysis. The data were tested for normality 
using the Shapiro-Wilk test (SAS procedure MULTIVARIATE-Shapiro-Wilk). All data 
points for Ce concentrations were found to be normally distributed and were analyzed by 
one-way ANOVA with repeated measures followed by post-hoc Tuckey’s test for pairwise 
comparisons (SAS procedures ANOVA and GLM). Linear regression analysis was 
performed on natural log-transformed data points to estimate the elimination rate constants 
(SAS procedure GLM-Parameter Estimate). Fifteen replicates per treatment were used for 
the experiment and difference with p<0.05 was considered to be statistically significant. 
 
3.4 Results and discussion 
Characterization of the MNMs 
The DEAE, DEX and CM-CeO2 MNMs synthesized for this study share the same 
polymer-coated CeO2 core differing only in the surface functionalization. The primary 
particle size as measured by TEM was 3.28 ± 0.33 nm (n = 50). The mean volume weighted 
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hydrodynamic diameters in 10% Hoagland’s solution were measured by DLS for the 
DEAE, DEX and CM-CeO2 MNMs were 20.7 ± 3.03, 18.5 ± 3.56, and 23.6 ± 2.27 nm 
respectively. The apparent zeta potentials as measured by PALS for the DEAE, DEX and 
CM-CeO2 MNMs are +16.2 ± 0.74, -2.45 ± 0.21, -18.26 ± 0.69 mV (n = 5). These MNMs 
were very similar from those used in our previous study which were synthesized by the 
same method (Li et al., Chapter 2). 
Surface functionalization profoundly affects trophic transfer of CeO2 MNMs 
Second-instar Manduca larvae were randomly divided into four groups and fed 
respectively with leaves from plants grown in control media and media containing DEAE, 
DEX, CM-coated CeO2 MNMs, and CeCl3.  The exposure lasted for 7 days followed by 7 
days of elimination where leaves from unexposed plants were provided as food. The 
growth of hornworm larvae was not affected by any of the treatments (Fig 3.1). Bulk Ce 
concentrations in hornworms at the end of the exposure phase (7 days) were 4~14 fold 
lower than in the food (Fig 3.2A). They were orders of magnitudes lower at the end of the 
experiment (14 days). The trophic transfer factors (TTF) for the treatments at 7 days were 
0.25, 0.13, 0.11, and 0.07 for DEAE, DEX, CM CeO2 MNMs and CeCl3, respectively (Fig 
3.2B). TTF values for DEAE, DEX, and CM-CeO2 MNMs decreased dramatically to 
0.035, 0.005, and 0.001 at 14 days, with no detectable Ce levels in animals exposed to 
CeCl3. The bio-dilution (TTF < 1) of CeO2 nanoparticles is in line with previous studies 
showing low trophic transfer of a variety of metal compounds in aquatic as well as 
terrestrial environment 140, 141, 146, 151. In contrast, some studies have demonstrated 
biomagnification for Au nanomaterials 145, 148, 149. Differences in the trophic transfer 
potential of nanomaterials are likely dependent on environmental conditions and material 
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properties, but the physiology and life history traits of the organisms involved also play a 
key role 150. For example identical tannate coated Au MNMs biomagnify from tobacco 
plants to tobacco hornworm larvae 207 but biodilute from earthworms to bullfrogs 150. 
Furthermore, in our study, the particles having different surface chemistries were subject 
to differential biotransformation processes in the plants prior to consumption by the insect 
larvae, which might dictate the uptake and elimination rates. Thus it is very likely that the 
surface chemistry or chemical composition of the particles is altered during the trophic 
transfer process. We previously showed that trophic transfer tends to increase the uptake 
of Au MNMs, relative to direct exposure of as-synthesized particles administered via oral 
gavage 150. In that study, it is unlikely that the Au cores themselves were biotransformed, 
but rather their surface chemistry may have been altered such as the acquisition of a protein 
corona. For CeO2, however, low pH and the ubiquitous presence of ligands with high 
affinity for Ce3+, such as phosphate, shifts the equilibrium of dissolution and re-
precipitation to the formation of insoluble compounds, particularly CePO4 
218, potentially 
serving as a detoxification mechanism 219. Our previous work (Li et al., Chapter 2) showed 
that the surface chemistry of these materials had a profound influence on the extent of 
biotransformation of these materials in the tomato plant. We found that CM-CeO2 and DEX 
CeO2 were more extensively converted to Ce(III) species than the DEAE particles. We 
attributed this to their increased tendency to be endocytosed by cells at the endodermis of 
the roots. In the same study, foci consisting primarily of Ce(IV) were found in the 
mesophyll tissues of the leaves in DEAE and DEX treated tomato plants, whereas in the 
CM treatment Ce(III) was distributed ubiquitously in the vascular system of the leaves. 
The vascular tissue is more fibrous and likely more difficult for the hornworms to digest, 
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hence the lower bioavailability of Ce associated with it. Although there are many studies 
that presented varied results on the extent of biotransformation of metal-containing 
nanoparticles within plant tissues 81, 127, 218, 220, results comparing trophic transfer potentials 
under the same conditions were lacking. Our study is the first evidence of the impact of 
surface charges on the trophic transfer dynamics of nanoparticles in a terrestrial food chain. 
Assimilation efficiencies and elimination rates 
The assimilation efficiency (AE) values calculated for the treatments were also found 
to follow the same trend as the TTF, in the order of DEAE (4.3%), DEX (2.8%), CM 
(2.1%), and CeCl3 (0.2%) (Fig 3.2C). As discussed in the previous section, distinct 
distribution patterns and biotransformation of Ce for the DEAE, DEX and CM-coated 
CeO2 MNMs in the leaves of exposed plants likely indicates Ce pools of different 
bioavailability to the insect larvae. The difference in AEs observed here further suggests 
the biodistribution and biotransformation processes occurring in the plant tissue are to 
some extent predictive of dietary uptake rate. 
We observed a universal increase of body Ce concentration in the exposure phase 
followed by a rapid decrease after day 7, when larvae were switched to clean leaves for 
elimination (Fig 3.3A). The first-order elimination rate constants were calculated using 
four data points in the initial period of elimination (Fig 3.3B). Elimination rates during the 
initial elimination phase were also correlated with the trophic transfer factors. Elimination 
rate constants ranged from -0.62 to -2.40 in the order of CeCl3 > CM > DEX > DEAE (Fig 
3.2). Body Ce content dropped rapidly in the first 72 h and then became asymptotic towards 
the end of the experiment. Similar to this result, previous studies on Au and CeO2 
nanoparticles showed a lack of elimination for these insoluble materials 150, 221. However, 
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Ce was detected from the feces collected at these time points, suggesting trace amount of 
Ce was still being eliminated (Fig 3.3C), possibly from residual food particles. A previous 
study observed a similar bi-phasic elimination curve for quantum dots in Daphnia 222, 
where the rapid clearing of the GI tract coupled with slow elimination of internalized 
quantum dots. Furthermore, it was shown that in caterpillars the peritrophic matrix, a 
proteinaceous meshwork synthesized by the insect gut epithelia to enclose the food bolus, 
has a relatively long gut transit time whereas undigested food is usually eliminated as feces 
within hours 217, 223. The fast elimination of Ce in the initial 72 h after the cessation of 
dosing could therefore be a combination of voiding of undigested food and the peritrophic 
matrix turnover.  
Distribution and speciation of Ce in the midgut 
To investigate the anatomical basis of the elimination process, we imaged the 
distribution of Ce using a synchrotron-based X-ray microprobe. For all treatments, Ce was 
found in scattered regions on the luminal side of the epithelia and within the epithelial cells 
(Fig 3.4). The luminal Ce containing particles are likely partially digested plant tissue. Ce 
was not detectable on the basal side of the epithelial cells; however, bulk concentrations of 
Ce in the larvae after cessation of dosing were below 1 µg Ce/g, which is the detection 
limit of the microprobe. It is likely that the initial voidance of the gut contents was followed 
by elimination of Ce as the gut epithelial cells, which contained the highest Ce 
concentrations, were shed. The remaining portion of Ce that is not eliminated may have 
been transported away from the gut epithelium and internalized. In the CM treatment, there 
appeared to be either a membrane layers enriched in Ce, possibly the peritrophic matrix 
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lining the luminal face of the epithelia, or fibers in the undigested vascular tissue, which 
was not observed in the other treatments. 
We obtained XANES spectra at these hotspots to further understand Ce speciation. 
The Ce spectra for all three treatments showed that they had the similar oxidation states in 
lumen and epithelia for DEX and CM treatments and Ce was present as a combination of 
Ce (III) and Ce(IV) with approximately 34 and 63% in the Ce (IV) oxidation state in the 
epithelial cells for DEX and CM, respectively (Fig 3.5). The DEAE treatment had different 
percentages of Ce (IV) in the epithelial cells and lumen with approximately 51 and 60%, 
respectively. Ce (IV) species are very likely intact CeO2, given that Ce is reduced to the 
Ce (III) oxidation state during dissolution and may be precipitated as secondary Ce (III) 
minerals, such as CePO4. This suggests that Ce is being taken up by the hornworms both 
as Ce (III) species and intact CeO2 species. The fact that uptake and elimination rates are 
dependent upon initial surface chemistry, also reinforces the conclusion that intact CeO2 
was taken up, as the influence of surface chemistry would have been removed once the 
CeO2 MNMs have dissolved. 
3.5 Conclusion 
This study investigated the trophic transfer of CeO2 nanoparticles from tomato leaves 
to tobacco hornworms and is the first to reveal the influence of surface charges on the 
uptake and elimination dynamics. While several studies have investigated the effect of 
MNM surface chemistry on uptake in plants and other organisms, this is the first study 
showing that surface chemistry affects uptake along a simulated food chain. The fact that 
the influence of surface chemistry persists even after uptake and translocation to plant 
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leaves, is a novel finding.   Overall, negatively charged CeO2 MNMs had lower 
bioaccumulation and assimilation efficiency than the positively charged and neutral 
particles as a result of higher elimination rate.  This effect ran counter the opposite trend in 
translocation efficiency in plants observed in Li et al., (Chapter 2), where negatively 
charged CeO2 was translocated more efficiently than positively charged CeO2.  As a result, 
the net accumulated body concentrations were similar among treatments, despite lower 
concentrations of Ce in the leaves of the DEAE and DEX treated plants, relative to CM 
treated plants. These results highlight the importance of MNM surface chemistry in 
determining their trophic transfer. This is the first study to show that the effects of MNM 
surface chemistry on bioavailability persist through trophic transfer. 
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3.6 Tables and figures 
 
Figure 3.1 Growth of insect larvae 
Growth of M. sexta larvae throughout the experiment. No significant difference was found 
between the treatments and with control (ANOVA with post hoc Tukey’s test, n = 15). 
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Figure 3.2 Accumulation of Ce 
A, trophic dilution of CeO2 MNMs from S. lycopersicum cv Micro-Tom to M. sexta 
larvae. The concentrations of Ce in the larvae at 7 and 14 days are much lower than in the 
leaves of the respectively treated plants. Comparison of the TTF (trophic transfer factor) 
(B) and the percent of Ce assimilated from the food (C) for the treatments. Means with the 
same letter are not significantly different at Tukey’s test (p < 0.01, n = 15). 
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Figure 3.3 Uptake and elimination dynamics 
A, Ce concentrations in M. sexta from the DEAE, DEX, CM and CeCl3 treatments. B, Ce 
concentration was adjusted for growth dilution and natural Log-transformed to determine 
the elimination constants, assuming first order elimination. The first four points of the 
elimination phase were selected as the linear range (dashed rectangle), beyond which no 
further reduction of Ce content was observed. Calculated elimination constants (K1-K4) 
are shown on the graph. C, Fecal Ce concentrations plotted on a Log scale. 
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Figure 3.4 Ce distribution in the midgut tissue 
XRF scans shows the distribution of Ce in the midgut of the larvae from the three 
treatments (A-B, DEAE; C-D, CM; E-G, DEX). Signals of Ce and Zn are represented in 
the red and blue channel of the images, respectively. Regions from which XANES spectra 
shown in Fig 3.4 were collected are indicated by numbered squares. Different anatomic 
compartments are labeled: epi = gut epithelia and lum = lumen of the gut. 
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Figure 3.5 Ce speciation in the midgut tissue 
In situ Ce L3-edge XANES spectra collected from hotspots denoted by numbered squares 
in Fig 3.3: A, DEAE, B, DEX and C, CM. Spectra from the same anatomic compartment 
are merged and plotted with two standards (Ce(III) nitrate and DEX-CeO2 MNM). D, 
Linear combination fitting of the spectra with the two standards shows the ratio of Ce (III) 
and Ce (IV) components in the mixture. The respective contributions of Ce (III) and Ce 
(IV) to the spectra are not forced to sum to 100%. Quality of the fit is denoted by reduced 
chi-squared. 
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CHAPTER 4. COMPARING TROPHIC TRANSFER OF LAB-SYNTHESIZED NANO-CU(OH)2 TO A 
COMMERCIAL NANO-CU(OH)2 FUNGICIDE FORMULATION FROM TOMATO (SOLANUM 
LYCOPERSICUM) LEAVES TO TOBACCO HORNWORM (MANDUCA SEXTA) LARVAE 
Jieran Li1, Sonia Rodrigues2, and Jason M. Unrine1,3 
1. Department of Toxicology and Cancer Biology, University of Kentucky, 
Lexington, KY USA 
2. Department of Chemistry, University of Aveiro, Aveiro, Portugal 
3. Department of Plant and Soil Sciences, University of Kentucky, Lexington, KY, 
USA 
4.1 Synopsis 
To determine if studies conducted with highly purified, lab synthesized materials, 
were predictive of behavior of commercial nanopesticide formulations, we studied the 
dietary uptake of Cu(OH)2 MNMs by hornworms feeding on surface-contaminated tomato 
leaves. We compared lab-synthesized copper hydroxide (Cu(OH)2) nanowire with the 
widely used fungicide KOCIDE® 3000, whose active ingredient is nano-needles of copper 
hydroxide (Cu(OH)2). The difference in their toxicity and accumulation/elimination 
dynamics was found to correlate with the solubility of the materials. Our result provides 
valuable knowledge on whether the ecotoxicity of commercial MNM products such as 
Kocide can be compared to lab-synthesized counterparts. Nevertheless, future research is 
needed to determine to what extent environmental factors such as pH, ionic strength, and 
the presence of inorganic ligands and natural organic matter play a role. 
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4.2 Introduction 
Modern agriculture has relied heavily on copper-based products for control of fungal 
and microbial infections in crop plants since the introduction of Bordeaux mixture (mixture 
of CuSO4 and Ca(OH)2) . Recently, materials like cupric hydroxide (Cu(OH)2), copper 
oxychloride (Cu(OH)2∙CuCl2), cuprous oxide (Cu2O), and especially engineered 
nanomaterials (MNMs) containing copper, have been developed as replacement of 
Bordeaux mixture for their higher efficacy, making the accumulation of copper in 
ecosystem a serious problem 34-36. Many of these materials are developed and applied as a 
mixture of complex ingredients whose specific formulations are a matter of proprietary 
interest. This leads to a poor understanding of how they interact with ecological receptors, 
making the associated environmental risks difficult to assess.  
Previous studies have demonstrated copper-based MNMs are taken up by plants and 
elicit a variety of phytotoxic effects, including suppression of growth and seed germination, 
changes in physiology and metabolism, and altered gene expression 36, 159, 160, 203, 224-230. 
While these studies provide abundant evidence on different routes by which copper is 
bioaccumulated by plants, whether higher trophic levels will be impacted by these 
materials remains an open question. Although phytotoxicity is carefully avoided when 
these copper-based pesticides are intentionally deposited on the aerial parts of crop plants, 
a risk that the entire food web lying above these plants might be exposed to copper 
contamination exists. Trophic transfer has been shown to occur for MNMs in aquatic and 
terrestrial food chains 142, 145, 146, 149, 150, 152, 205, 207, 219. While these studies suggest that the 
efficiency of transfer can be influenced by the environmental conditions as well as the 
physico-chemical properties of the MNMs, there is a question whether we can make 
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reliable predictions about how commercial pesticide formulations containing MNMs will 
interact with the ecosystem components based on studies of the properties of highly 
purified, lab-synthesized nanomaterials.  
In this study we investigated the trophic transfer of Cu from tomato plants to tobacco 
hornworms following the application of the commercially available pesticide, Kocide 
3000®, which contains Cu(OH)2 nano-needles as its active ingredient (Kocide) to lab-
synthesized copper hydroxide nano-needles (nCu(OH)2).  CuSO4 was used as an ionic 
control.  Kocide is one of the most widely used commercial pesticides designed to protect 
crop plants from fungal and bacterial infection. As the product is prepared in suspension 
and sprayed in the field, the nano-sized copper hydroxide provides sustained protection 
against fungal infection by a continual release of ionic copper from the slowly dissolving 
copper hydroxide particulates on the foliage, while keeping phytotoxicity at a low level 231, 
232.  
We designed exposures to mimic the realistic scenario in the field, where treatments 
were sprayed on the leaves of the plants which then were fed to the insect larvae. By 
tracking the amount of copper that remained in the body of the larvae along multiple time 
points, the uptake and elimination dynamics of copper from exposure to different materials 
was established. From parameters extracted from the simple setting, we built a biodynamic 
model that describes potential trophic transfer as a result of long-term exposure. The 
toxicity and bioaccumulation of copper sulfate and two forms of nano-copper hydroxide 
was also compared using this model, to determine if we can predict the behavior of 
composite nano-products with unknown formulation in the environment by using their 
active ingredients as surrogates. 
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4.3 Methods 
Nanoparticle characterization 
Nano copper fungicide Kocide 3000 (hereafter as Kocide) was purchased from 
DuPont Inc. The active ingredients were shown to be Cu(OH)2 nano-sheets comprised of 
layers of Cu(OH)2 nano-needles, which dissolve to produce sustained release of Cu2+ to 
kill microbial pathogens 231, 232. Copper hydroxide nano-needles (nCu(OH)2) was 
synthesized using alkaline precipitation methods adapted from a protocol described 
previously 233. Briefly, 1.6 mL of 1 M KOH solution was dropped into 4 mL of 0.1 M 
CuSO4 solution at room temperature (∼21 °C) with constant stirring, followed by dropping 
of 0.6 mL of 12.5 wt % ammonia solution. Then the mixture was stirred for 3 min and 
incubated for 12 h (at room temperature). The resulting precipitate was filtered, washed 
with ultrapure water, and dried in vacuum for  12 h. The material was characterized by 
TEM, SEM and XRD. Materials were dispersed in deionized water at 50 mg Cu per L and 
analyzed for hydrodynamic diameters and electrophoretic mobilities using Dynamic Light 
Scattering (DLS) and Phase Analysis Light Scattering (PALS), respectively, on a Nano-
ZS Zetasizer (Malvern Instruments, Malvern, United Kingdom). 
Measuring the dissolution of MNMs 
nCu(OH)2 and Kocide were dispersed in 10mL deionized water  at 50 mg Cu/L. The 
amount of dissolved Cu2+ in a 5mL aliquot was quantified at 0h, 24h, and 48h by 
centrifuging the suspension at maximum speed (3220 × g) for 4 hours on an Eppendorff 
5804R centrifuge and collecting the supernatant. Ultrapure HNO3 was then added to the 
supernatant to a final concentration of 0.15 M.  The other 5mL aliquot of the whole 
suspension was digested and analyzed using ICP-MS as described in section 2.3. The 
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fraction of dissolution was calculated as (ng Cu in the 5mL supernatant) / (ng Cu in the 
5mL whole suspension aliquot) × 100%. 
Surface contamination of tomato leaves 
Tomato (Solanum lycopersicum cv Micro-Tom) plants were germinated on a 
Phytagel plate (Phytagel, Sigma-Aldritch, St. Louis, MO USA). Seedlings were transferred 
and grown hydroponically in 10% Hoagland’s solution with a photoperiod of 12 h under 
broad-spectrum fluorescent lights at 25°C. True leaves emerging above the dicot leaves in 
the third week post germination were collected from the seedlings. A spray chamber was 
constructed using an concentric nebulizer to deliver micro-droplets of nanomaterial 
suspensions to the leaves. Test sprays were conducted to manipulate the amount and spatial 
distribution of Cu deposited on the leaves. The amount Cu per unit area was adjusted to 
mimic the actual application rate  of fungicide in the field as specified on the Kocide 3000 
label (1.5 kg/ha or 1.34 lb/acre).  Leaves were treated with Kocide 3000, lab-synthesized 
Cu(OH)2 nano-needles. The droplets were air-dried on to the surface of the leaves. 
Exposure of the primary consumer 
Tobacco hornworm (Manduca sexta) eggs were purchased from Carolina Biological 
Supply (Burlington, NC, USA) and hatched on untreated leaves. Treated leaves were then 
fed to M. sexta larvae, starting from the first (5 replicates for each data point) and second 
instar (12 replicates for each data point) stages. For the first instar larvae, the exposure 
lasted 6 days followed by an 8-day n period in which clean tomato leaves were provided 
as food to determine elimination rate. For the second instar larvae, the time spans of the 
uptake and elimination phases were 7 days and 10 days, respectively. Larvae and feces 
were collected starting from the first day of treatment for all the second instar groups at 2-
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day intervals. For the first instar groups, caterpillars were sacrificed and analyzed for bulk 
copper only at day 12 and day 20, the beginning and end point of elimination. For all larvae 
collected at or before the start point of elimination, clean food was provided for a 12h 
period to allow clearing of Cu in undigested plant tissues before the larvae were sacrificed. 
ICP-MS analysis 
Oven-dried leaves and insect tissues were digested in 0.75mL concentrated nitric 
acid (OmniTrace Ultra®) using a microwave digestion system in metal free polypropylene 
centrifuge tubes at 100 C for 10 minutes. Samples were then diluted to 0.75 M HNO3 with 
18 M deionized water (DI) prior to analysis using inductively coupled plasma mass 
spectrometry (ICP-MS). 
Data analysis 
The SAS software package was used for statistical analysis. The data were tested for 
normality using the Shapiro-Wilk test and for homoscedascity using Barlett’s test. All data 
points for Cu concentrations were found to be normally distributed and homoscedastic 
(SAS procedures MULTIVARIATE and GLM). Data were analyzed by one-way ANOVA 
followed by Tuckey’s post-hoc pairwise comparisons (SAS procedure ANOVA). Survival 
time analysis was used to compare the mortality rates of the treatments and control group 
(SAS procedure LIFETEST). Difference with p<0.05 was considered to be statistically 
significant. 
Trophic transfer factor (TTF) was calculated as the Cu concentration (µg/g dry 
tissue) in the hornworm divided by the Cu concentration (µg/g dry tissue) in the food at 
the end of the experiment. AE was calculated as the ratio of the tissue Cu (ng) to the amount 
of Cu (ng) in the consumed food at the end of the first day of the dosing. We extrapolated 
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the short exposures of the first and second instar larvae (6 and 7 days, respectively) to the 
entire span of the larvae stage to estimate bioaccumulation of the contaminants used a 
modified biodynamic model 150. Trophic transfer factor at time t, TTF(t), was expressed as 
a function of time according to the following equations: 
M(t) = Mmax × e 
–k, (1) 
k = b × e -ct, (2) 
A(t) = A(t-Δt) + AE × CF × IR × M(t) × Δt,  (3) 
TTF(t) = A(t)/M(t)/CF, (4) 
Where A(t) is the amount of Cu in the larvae at time t, M(t) is the mass of the larvae 
at time t, and CF is the Cu concentration in the food which is treated as a constant. M(t) 
was described by a truncated Gompertz function (Equation 1), where Mmax is the 
asymptotic maximum body mass of M. sexta larvae and the exponential growth rate 
gradually declines (Equation 2) ) 234, 235. The last instar larva will stop feeding and enter 
the wandering stage prior to pupation, hence Mmax is never reached in the real scenario 
235. 
A growth curve was fitted to the data points using this equation and nonlinear regression 
with a least square estimator was employed to determine the constants b and c, which 
correlate to the inflection point and steepness of the curve, respectively. A(t) was calculated 
using the modified biodynamical model (Equation 3), where AE is the assimilation 
efficiency and IR is the ingestion rate as percentage of the body weight per day averaged 
throughout the experiment. The rate of change in A(t) and TTF(t) was calculated 
recursively by taking infinitesimal time increments (Δt = 0.2 d). 
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4.4 Results and discussion 
Characterization of the particles 
The nCu(OH)2 exhibited a particle size of a mean length of 1442 nm (n=335) and 16 
nm diameter (n=32) (Fig 4.S1).  Due to interference from the product formulation of the 
Kocide, we could not quantitatively assess the particle size distribution; however, 
qualitatively, the nano-needles are 10-15 nm in diameter and 300-600 nm in length (Fig 
4.S1).  The nano-needles in both materials tend to stack to form small nano-sheets (Fig 
4.S1). The mean volume-weighted hydrodynamic diameters of the Kocide and nCu(OH)2 
were measured at 50mg Cu/L in deionized water to be 232 ± 28 nm (mean ± standard 
deviation, n = 3) and >2000 nm, respectively, with substantial aggregation of the lab-
synthesized Cu(OH)2 nano-needles. The apparent zeta potentials were -38 ± 3.5 and +13 ± 
4.7 mV (mean ± standard deviation, n = 3), respectively, for the Kocide and nCu(OH)2 (pH 
= 6.5). It has been shown that Kocide contains considerable amount of non-copper 
ingredients 236, which might modify the surface of nano Cu/Cu(OH)2 to give the Kocide a 
net negative charge. Dissolved Cu was also measured at 4, 24 and 48hours after the 
suspension was prepared (Table 4.1). Within 4 hours after the particles were dispersed in 
suspension, 26.33% and 5.61% of the total Cu was detected, respectively, as Cu ions in the 
Kocide and nCu(OH)2 samples. The dissolved Cu stayed unchanged from till 48 hours. 
Aggregation of nCu(OH)2 may have contributed to its lower dissolution rate as compared 
to the Kocide particles. 
Toxicity of CuSO4, Kocide and nCu(OH)2 
First and second-instar Manduca larvae were randomly divided into treatment groups 
and fed with tomato leaves contaminated with CuSO4, Kocide and nCu(OH)2 as described 
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in the Methods section. Retardation of growth appeared immediately with the start of 
feeding on the contaminated leaves for both the first and second instar larvae (Fig 4.1A). 
Ingestion rate was not affected by any of the treatments (Fig 4.S2), suggesting that either 
energy assimilation was decreased or the basal metabolic rate was increased 237. Compared 
to Kocide and nCu(OH)2, a more significant reduction in biomass was caused by the CuSO4 
treatment. And the differential effects progressed steadily with time. Previous studies have 
shown that for soluble metal oxide MNMs such as Ag, CuO and ZnO particles, the 
corresponding ionic forms of the metal are more toxic and bioavailable to various 
organisms and the toxic effects of the MNMs can be largely attributed to ions released by 
dissolution 36, 224, 225, 238-243. Given the differences in dissolution of the materials, dissolved 
ions, or ions released in vivo, might be the major source of toxicity for these MNMs.  
Growth suppression increased with dissolved Cu2+ concentrations in the treatments.  
Excessive exposure to Cu2+ have been shown to elicit various detrimental effects in many 
species. Cu2+ is highly potent in changing the redox environment of biological systems, 
causing damage to macromolecules and disrupting cellular function and metabolism 119, 244, 
245. 
For all of the treatments, exposure of the first instar larvae resulted in an increase in 
mortality compared to control, which was not observed on the second instar larvae (Fig 
4.1B). The drastic difference in toxicity on the first and second instar larvae agrees with 
previous studies which revealed that the toxicity of MNMs depend on the life stage of the 
organism at the time of exposure 80. In addition to being more physiologically developed, 
the second instar larvae used for the experiment were healthy individuals surviving the 
initial phase of rapidly rising mortality (16.7 % in the untreated caterpillar population, Fig 
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4.1B). In our previous study with M. sexta exposed to Au nanoparticles, the mortality rate 
in the control population was even higher and is likely party attributable to stress from 
handling the small, fragile hatchlings 149. 
Uptake and elimination of CuSO4, Kocide and nCu(OH)2  
Analysis of bulk Cu content in the second instar larvae shows the gradual 
accumulation of Cu in the dosing phase followed by a rapid decrease at the beginning of 
the elimination phase, after which the body burden became asymptotic for an extended 
period (Fig 4.2A). This indicates that after the voiding of the gut of residual Cu-containing 
food and feces which dominated the initial phase of the elimination period, followed by a 
period of Cu homeostasis. This result is consistent with our previous studies on Au and 
CeO2 MNMs 
149, 150, 221. For both the first and the second instar larvae exposed to CuSO4, 
Kocide and nCu(OH)2, the body Cu concentrations at the end of the elimination period 
were much higher than the background Cu in the insect despite growth dilution ( Fig 4.2B).  
CuSO4 had the highest trophic transfer factors (TTF) followed in order by Kocide 
and nCu(OH)2 (Fig 4.3), suggesting that differential accumulation of Cu as a result of these 
treatments could be explained by their respective solubilities. Indeed, TTF at the end of the 
experiment were correlated with concentrations of soluble Cu2+ in the food (Fig 4.4). It has 
been shown that the most bioavailable fraction of soluble metal oxide MNMs is the 
dissolved ions 95, 220, 225, 240. TTF for the more vulnerable first instar larvae were 
significantly higher than the second instar larvae. All the treatments had AE significantly 
higher than control (background Cu in the leaf tissue), in the descending order of CuSO4, 
Kocide and nCu(OH)2, and the first instar larvae had higher AE than the second instar 
larvae but the difference was not statistically significant (Fig 4.3B). Given that bulk Cu 
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concentrations in the contaminated leaves were ~200 times higher than in the control (Fig 
4.S3), the slight difference between the AE of treatment versus control indicates the dietary 
uptake of Cu was closely regulated in the larvae. Despite having lower TTF than the second 
instar larvae which might be a result of rapid growth at early life stage, the first instar larvae 
had drastic reduction of growth and high mortality rate when the dosing started. Insects 
employ various strategies to elimination and detoxify heavy metals, such as 
compartmentalizing the contaminant in granules thus reducing their reactivity, or 
minimizing their bio-reactivity by synthesizing proteins that can bind and sequester metal 
ions 246, 247. The sensitivity of the first instar larvae may be due to a lack of effective 
detoxification mechanisms for heavy metal ions and/or the energetic demands of early 
growth and development.  
Biodynamic model of the bioaccumulation of Cu 
Although TTF was far below 1 after the initial voiding of the gut content, the lack of 
elimination and high AE suggests that significant bioaccumulation could still occur if the 
animal were to be continually exposed to the contaminants throughout the entire span of 
their larval stage where ingestion rate is high. We used a modified biodynamic model to 
simulate the outcome under this scenario 150, 248. We assumed AE for each treatment to be 
a constant through time based on the results above showing no significant difference 
between AE of the first and second instar larvae. Ingestion rate was also fixed as a constant 
based on observation. The fitting on the sigmoid growth curve for the control using a 
Gompertz function are shown in Fig 4.5A (see Method section for details). Using the 
respective growth model generated for each treatment (Fig 4.S4), TTF was plotted as a 
function of time. The body mass of M. sexta larvae rarely reach the asymptotic maximum 
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but molting will continue if the critical weight for pupation is not reached 235, 249. This gives 
the larvae with slower growth a longer time of exposure and hence higher maximum TTF 
(Fig 4.5B). For simplicity, we truncated the TTF function for the treatments at the different 
time when they each reach the critical body mass of 11.3g to show the actual maximum 
TTF for each treatment that can be reached 234. TTF for all treatments become significant 
under this model, with CuSO4 crossing the line of TTF = 1, suggesting biomagnification 
could be possible for caterpillars continually feeding on contaminated leaves. CuSO4 still 
has the highest TTF followed by Kocide and nCu(OH)2, but difference between the three 
expands with time, with the TTF of CuSO4 being twice as high as that of nCu(OH)2 at their 
maxima. 
4.5 Conclusion 
The trend of bioavailability and toxicity observed for CuSO4, Kocide and nCu(OH)2 
correlates with the amount of free Cu2+. It seems that although the complex formula of 
Kocide makes its primary properties such as hydrodynamic diameter size and zeta potential 
different from those of lab-synthesized nCu(OH)2, the overall impact of these materials on 
the insects dietarily exposed to them is still comparable and can probably be predicted 
based on solubility. Previous studies showed the correlation between dissolution and the 
toxicity of Cu based MNMs 159, 231, 232. However, comparing the ecotoxicity of commercial 
MNM products such as Kocide and lab-synthesized counterparts has not been well studied. 
Our result provides valuable insights into this area. Nevertheless, future research is needed 
to determine to what extent environmental factors such as pH, ionic strength, and the 
presence of inorganic ligands and natural organic matter play a role.  
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4.6 Tables and figures 
 
Table 4.1 Dissolution of the nanomaterials 
Dissolution of Kocide and nCu(OH)2 after 4, 24, and 48h as measured in deionized water 
at 50mg Cu/L. Values are % dissolved Cu with standard deviations in the parenthesis. 
 
 4h 24h 48h 
Kocide 26.33 (2.74) 24.72 (3.48) 25.53 (2.91) 
nCu(OH)2 5.61 (0.24) 6.23 (0.35) 5.88 (0.22) 
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Figure 4.1 Growth retardation and mortality 
Growth retardation A) and % mortality B) in 1st and 2nd instar M. sexta larvae exposed to 
CuSO4, Kocide and nCu(OH)2.The 1
st instar larvae were more vulnerable to the treatments 
than the 2nd instar larvae. Background mortality rate in the control reached 16% at the end 
of the experiment, which was not significantly different from the 2nd instar curves. 
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Figure 4.2 Bulk Cu in tissue 
A Change of Cu content in the 2nd instar larvae through time. Caterpillars were switched to 
clean diet for depuration after day 20, causing a rapid decrease in Cu. Elimination was 
negligible after 4 days of feeding on clean food. B Cu concentrations in the body for all 
the treatments at the end of depuration period (day 20 for the 1st instar and 30 for the 2nd 
instar) were significantly higher than control. Means with the same letter are not 
significantly different at Tukey’s test (p < 0.05, n = 12). 
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Figure 4.3 Trophic transfer and assimilation efficiency 
A Trophic transfer factors (TTF) at the end of the depuration period (day 20 for the 1st 
instar and day 30 for the 2nd instar). No biomagnification was observed. B Assimilation 
efficiency (AE) calculated for all the treatment groups. Means with the same letter are not 
significantly different at Tukey’s test (p < 0.05, n = 12). 
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Figure 4.4 Correlation between trophic transfer factors and free Cu2+ 
Trophic transfer factors (TTF) plotted as a function of dissolved Cu2+ in the food for 
CuSO4, Kocide and nCu(OH)2. 
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Figure 4.5 Biodynamic model 
Biodynamic model for M. sexta larvae exposed CuSO4, Kocide and nCu(OH)2. A) The 
sigmoid growth curve from the control population was fitted with a Gompertz function, 
with the 95% confidence interval (CI) shown on the graph. B) Trophic transfer factors 
(TTF) were modeled for the entire span of the larval stage, which was different for each 
treatment and was determined by the growth rate, assuming pupation occurs at the 
maximum body mass. Biomagnification is possible under this model. See text for details. 
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Figure 4.6 TEM graphs of nCu(OH)2 and Kocide 
Fig 4.S1. Transmission electron micrograph of synthesized nCu(OH)2  (A) and Kocide 
3000 (B). 
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Figure 4.7 Ingestion rate 
Fig 4.S2. Ingestion rate as a function of day. 
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Figure 4.8 Bulk Cu in the food 
Fig 4.S3. Cu concentration in the leaves of the tomato plant (Solanum lycopersicum cv 
Micro-Tom) surface-contaminated with CuSO4, Kocide and nCu(OH)2. 
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Figure 4.9 Growth curve fitting 
Fig 4.S4. Individual fittings of the growth curves for the treatments. Statistics of the fit as 
output from SAS are listed in the table below, b and c are parameters of the Gompertz 
function. See Method for details. 
 
 
 
  
 Para- 
meters 
Estimates Standard 
Error 
95% Confidence 
Limits 
Skewness 
Control b 8.824 0.00325 8.063 10.34 0.0531 
c 0.0782 0.00462 0.0732 0.0855 0.0163 
1st instar 
CuSO4 
b 9.461 0.00415 9.043 10.513 0.0434 
c 0.0629 0.00326 0.0536 0.0709 0.0363 
1st instar 
Kocide 
b 9.446 0.00313 8.744 10.257 0.0279 
c 0.0635 0.00279 0.0564 0.0722 0.0321 
1st instar 
nCu(OH)2 
b 9.508 0.00386 8.576 9.945 0.0365 
c 0.0676 0.00203 0.0584 0.0758 0.0263 
2nd instar 
CuSO4 
b 6.773 0.00323 6.239 7.364 0.0204 
c 0.0638 0.00442 0.0527 0.0693 0.0217 
2nd instar 
Kocide 
b 6.725 0.00276 6.348 7.228 0.0142 
c 0.0626 0.00213 0.0558 0.0746 0.0165 
2nd instar 
nCu(OH)2 
b 7.385 0.00281 6.832 7.929 0.0139 
c 0.0694 0.00309 0.0601 0.0796 0.0177 
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 
We have conducted three groups of experiments to investigate the impact of physico-
chemical properties of the MNMs on plant uptake and trophic transfer. Firstly, plant uptake 
of positively, negatively and neutrally charged CeO2 MNMs was investigated using the 
model organism Solanum lycopersicum cv Micro-Tom. Plant growth, Ce concentrations in 
tissues and root-shoot translocation rates were functions of surface charge and exposure 
concentrations of the MNMs. Results from high-resolution X-ray microscopy suggest that 
particles have drastically different tissue distribution patterns across the root and leaf 
tissues accompanied by various degrees of biotransformation depending on their surface 
charges. They entered through the gaps between epidermal cells being sloughed off during 
root growth and penetrated deeper into the interior of the roots (vasculature) via a 
combination of apoplastic and symplastic transport. Evidence of endocytosis was found at 
the endodermis of the root tip, which appears to lead to dissolution of the CeO2 MNMs, 
with subsequent re-precipitation as Ce (III) containing minerals found in root and leaf 
tissues.  
The impact of surface charge on the uptake and biodistribution of MNMs by the plant 
has several important implications. MNMs in the soil become coated with natural organic 
matter, a net negative charge is acquired, which might enhance their translocation to the 
aerial part of the plant. Moreover, this net negative charge also makes dissolution and 
biotransformation during symplastic transport more like for the MNMs. Furthermore, from 
the perspective of nanotechnology, the differential tissue and cellular distribution as a 
function of particle surface chemistry suggests that targeted, MNM-mediated delivery of 
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agrochemicals to different biological compartments within the plant is possible at both the 
tissue and subcellular levels. 
Uptake of MNMs by the primary producer means that the upper trophic layers could 
also be exposed to these contaminants. In the second experiment, we investigated the 
dietary uptake and elimination of the same CeO2 MNMs carrying different surface charges 
in a simulated food chain consisting of the tomato plant (Solanum lycopersicum cv Micro-
Tom) and the tobacco hornworm (Manduca sexta). Despite no observed overall 
biomagnification across trophic levels, these differentially charged CeO2 MNMs had 
higher trophic transfer factors than those of ionic Ce3+.  The uptake-elimination dynamics 
were influenced by the surface charge of the MNMs. Positively charged MNMs had higher 
trophic transfer factors and assimilation efficiencies but lower elimination rate than neutral 
and negatively charged CeO2 MNMs. X-ray microscopy also revealed the impact of 
extensive biotransformation on the uptake of these materials by the insect digestive system.  
These results provide important evidence that surface properties of MNMs such as 
surface charge not only influence plant uptake but also the transfer of MNMs in the 
terrestrial food web. The more extensive biotransformation processes experience by the 
negatively charged particles, as compared to positively charged ones, likely contribute to 
this difference. The net negative charge that is conferred by the coating of natural organic 
matter as the MNMs age in the soil will diminish their impact on the upper trophic levels. 
In the third experiment, we investigated the trophic transfer of copper from Cu(OH)2 
MNMs in the same model food chain. Leaves of tomato plants were surface-contaminated 
by copper sulfate (CuSO4), copper hydroxide nanoneedle (nCu(OH)2), and a commercial 
pesticide Kocide® 3000, whose active ingredient is Cu(OH)2 nanosheets. These 
 
 94
  
 
contaminated leaves were provided to M. sexta larvae as food. Differential toxicity on the 
caterpillar and trophic transfer of Cu occurred in the order of CuSO4 > Kocide > nCu(OH)2. 
By tracking the uptake and elimination dynamics of Cu in the hornworms, we built a 
modified biodynamic model to compare the rates of trophic transfer for these treatments 
assuming continued exposure during the entire span of the larval stage. Our results 
demonstrated that lab-synthesized Cu(OH)2 MNMs and Kocide have comparable 
behaviors. Toxicity and accumulation/elimination dynamics was found to be correlated 
with the dissolution rate of the materials. Prediction of the biodynamic model implied 
possible biomagnification from continuous exposure throughout the life span of the larvae. 
This result provides an example as to how well the ecotoxicity of commercial nano-
products can be differ from lab-synthesized MNMs that mimic their active ingredients. 
These nanoproducts usually have a complex formula to aid in specific applications. 
Although these specifically engineered properties are diverse and not easily replicated by 
lab synthesis of the active ingredients, these lab-synthesized surrogates can be nevertheless 
used as a simple model to interrogate their behavior in the ecosystem, provided that the 
role of key properties, such as solubility, are understood. 
Given the simplicity of our experimental models, future efforts are required to 
determine whether these observations can be translated to more realistic scenario such as 
exposure from contaminated soil. Key environmental players such as pH and or natural 
organic matter need to be investigated to provide a more complete view. Overall, this work 
provides important insights into the impact of MNMs on the terrestrial ecosystem which is 
still poorly understood. It demonstrates properties such as surface charge and chemical 
composition as important parameters governing the ecotoxicology of MNMs. Finally, this 
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knowledge will benefit the design MNMs for targeted delivery of chemicals to plants and 
insects such as development of nano-agrochemicals for agricultural practice. 
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